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PREFACE 
Last quarter of 20th century had witnessed a global surge in awakening 
against the unabated menace of environmental pollution. India was also not 
lagging behind in the identification of the real problem and its remedial aspects. 
Among the various types of environmental deteriorations, water pollution 
assumes the most significant proposition. Several studies conducted in India 
suggested that the major toxicants present in surface water being the heavy 
metals, pesticides and phenolics. It is a matter of great concern since these 
pollutants pose a constant threat to the well being of humans, animals and plants 
rather the whole biosphere. Present scenario of water pollution in India thus 
calls for immediate attention towards the remediation and detoxification of these 
hazardous agents in order to have a healthy living environment. It is against this 
backdrop that we initiated the task of finding out a naturally occurring microbe 
capable of bioremediating the major pollutants of Indian waters. 
The o b j e c t i v e s of this Ph.D work, the re fo re , were to i sola te and 
characterize the strain belonging to the soil born bacterium. Pseudomonas 
fluorescens exhibiting tolerance with obvious detoxification potential for the 
substantial amounts of representative toxicants that could cover, a not so large, 
but commonly occurring contaminants ol surface waters in northern India. 
In the first chapter of the thesis a comprehensn e review of literature has 
been presented on the various aspects of water pollution, biorcmediation and 
detoxification with particular reference to the present status in India. 
vm 
The second chapter describes the general materials and methods including 
the sampling procedure as well as structures and physical properties of the test 
substances used in this work. 
The third chapter provides the essential details of the isolation and 
pre l iminary charac te r iza t ion of the test toxicants- to lerant Pseudomonas 
fluorescens strain. 
The role of plasmid in the toxicants-tolerance of SMI isolate vis-a-vis 
biodegradation of pesticides and phenols is the matter of discussion of the 
fourth chapter. 
Fifth chapter is devoted to the studies on the suitability of immobilized 
P. fluorescens SMI strain for bioremediation of the major toxicants in Indian 
water bodies. 
The toxicity assessment of treated water as an index of detoxification 
potential of the test SMI isolate has been presented in the sixth chapter. The 
experimental tools for the toxicity testing being the bacterial Ames fluctuation 
test and plant Allium cepa test as well as the in vitro plasmid nicking assay. 
An overview of the comparative analysis of the test isolate with the 
previously reported bioremediation systems has been the subject of "General 
discussion". This chapter also presents an integrative approach on the plausible 
mechanisms operating in the SMI strain. 
Significant findings of the work and salient features of the isolate have 
also been included in the dissertation under the heading of "Summary" . 
Bibliography is appended in the end. 
IX 
CHAPTER-I 
Introduction, 
(Review of Literature 
and OBjectives 
Environmental pollution implies any alteration in the surroundings but it 
is restricted in use especially to mean any deterioration in the physical, chemical 
and biological quality of the environment. All types of pollution, directly or 
indirectly affect human health. The pollutants fall under the broad category of 
xenobiotic compounds and are released into the environment by the action of man 
and occur in concentrations higher than "natural levels". 
Pollutants are generally classified under the two heads viz. 
1. Biodegradable 
2. Non-biodegradable 
Biodegradable pollutants consist of sewage effluents and organic matter that 
are readily decomposed under normal circumstances. Non-b iodegradable 
substances are those which are not degraded by microorganisms e.g. heavy metals, 
plastics and xenobiotics such as pesticides, detergents and other substances like 
polythene. Fast urbanization and industrialization have resulted in the tremendous 
release of xenobiotic compounds into the environment. Large quantities of highly 
toxic chemicals emitted by industries are generally used in India for enhanced 
agricultural productivity (Vishwanathan, 1985). 
Most of the organic pollutants originate f rom f ive ma jo r industrial 
categories: petroleum refming, organic chemical and synthetic industries, steel 
mining and coal conversion, textile processing, and pulp and paper milling 
(Rawlings and Bamfield, 1979; Nye, 2000). However, industries alone are not 
totally responsible for exposure of the chemicals to environment, consumers 
too share a part. Utilization of gasolene, aerosol sprays, pesticides and fertilizers 
lead to release of pollutants by the consumers directly into the environment. 
Effluent from waste water treatment plants is another cause of xenobiotic 
pollution. Accidental spillage, illegal dumping, poorly chosen landfalls and 
uncont ro l led hazardous waste sites are other routes th rough which the 
environment is contaminated. Infact, inadequate disposal techniques have been 
cited as the main cause of contamination of biota as well as soil surface and 
ground matters which could lead to the emergence of disease producing 
microorganisms and ultimately result in serious health problems (Gupta 1989; 
Malik and Ahmad, 1995; Tibbetts, 2000). 
Among the various types of environmental pollution, water pollution is an 
age old problem but it has gained an alarming dimensions lately because of the 
problems of population increase, sewage disposal, industrial waste, radioactive 
wasle, etc. These factors have contributed so much to the pollution of water 
resources that about 70-80% rivers and streams all over the world carry polluted 
waters (Tibbetts, 2000). In the absence of adequate potable water supply, a 
significant proportion of the population in underdeveloped countries still 
depends on natural resources such as wells, rivers and ponds. In India the same 
body of natural water is used for irrigation, washing of clothes and utensils, 
sewage disposal and bathing of animals and man, as well as for drinking and 
cooking without any purification or sterilization, making the risks of water 
pollution more serious (Vishwanathan. 1985; SOl-R. 2001). 
Heavy metals in the environment and their toxicity 
Metal pollution is a widespread problem, infacl, in industrially developed 
countries it is normal to find elevated levels of metal ions in the environment. 
In addition, it has been estimated that approximately 37% of sites in the US 
contaminated with organic pollutants such as pesticides, are additionally polluted 
with meta l s (Ri ley et al., 1992). Despi te this, b io log ica l t r ea tmen t or 
bioremediation of contaminated sites has largely focussed on the removal of 
organic compounds and only recently attention has been directed towards the 
treatment of metal contaminated wastes (Brierley, 1990; Summers , 1992; 
Srivastava, 2000). Due to their toxic nature, the presence of metals in organic 
contaminated sites often complicates and limits the bioremediation process. 
Such metals include the highly toxic cations of mercury and lead, but many 
other metals and metalloids are also of concern, including arsenic, beryllium, 
boron, cadmium, chromium, copper, nickel, manganese, selenium, silver, tin 
and zinc. 
Metal pollution arises when human activity either disrupts the normal 
biogeochemical cycles or concentrates metals (Roane et al., 1996). Examples 
of such activities include mining and ore refinement, nuclear processing and 
industrial manufacture of a variety of products including batteries, metal alloys, 
electrical components, paints, preservatives and insecticides (Suzuki et al., 1992; 
Saxena et al., 2001). Much of the research on metal bioavailability has been 
done in soil systems because understanding the fate of metals in soil and 
sediments is crucial to determining metal effects on biota, metal leaching to 
ground waters, and metal transfer up to the food chain (Roane et al., 1996). Soil 
usually exhibits higher concentrations of metals than water because metals are 
more likely to accumulate in soil and are composed of minerals. 
Elevated metal concentrations in the environment have wide ranging impacts 
on animals, plants and microbial species. For example, human exposure to a variety 
of metals causes disorders and symptoms like hypophosphatemia, heart diseases 
and liver damage, cancer, neurological and CNS disorders etc. (Trivedi and 
Gundap, 1992; ATSDR, 2001). Exposure to metals is the cause of most 
morphological and mutational changes observed in plants (Brooks, 1983; Manios 
et aJ., 2002). These include shortening of roots, leaf scorch, chlorosis, nutrient 
deficiency and increased vulnerability to insect attack (Canney et al., 1979). 
Likewise, microbial growth is often slowed or inhibited completely in the 
presence of excessive amounts of metals (Baath, 1989; Bojic et al., 2002). 
Toxic metals exert their toxicity in a number of ways including the displacement 
of essential metals from their normal binding sites on biological molecules 
(e.g. cadmium compete with zinc), inhibition of enzymatic functioning and 
disruption of nucleic acid structure (Freedman, 1995). 
Some metals are essential components of microbial cells for example, 
sodium and potassium regulate gradients across the cell membrane, and copper, 
iron and manganese are required for activity of key meta l loenzymes in 
photosynthesis and electron transport. However, certain metals can also be 
extremely toxic to microorganisms and thus a f fec t ing microbial growth, 
morphology and biochemical activities as a result of specific interactions with 
cellular components (Beveridge and Doyle, 1989; Freedman, 1995). Perhaps 
the most toxic metals are the nonessential metals such as cadmium, lead and 
mercury. 
Nickel compounds are widely used in modern industries (Bennett, 1984). 
Several industrial processes, like nickel refining, electroplating, production of 
long lasting nickel-cadmium batteries, combustion of fossil fuels and the 
incineration of nickel - containing solid waste are responsible for the production 
of nickel con ta in ing aerosols in the workp lace and in the su r round ing 
environments. Because of the widespread use of these compounds, workers in 
these facilities are at risk of occupational exposure. Moreover, the release of 
nickel into the environment represents a potential for non occupational exposure 
(Bennett, 1984; Oiler, 2002). 
Inhalation is the main route for human exposure to nickel compounds, and 
epidemiological studies have demonstrated a correlation between the incidence 
of respiratory (lung and nasal) cancer and worksite exposure to nickel (Doll et 
al., 1970; Langard. 1994). Tumors have also been induced in several animal 
models after inhalation, ingestion or injection of various nickel compounds 
(Sunderman, 1981: Sunderman, 1989). 
Chromates are widely discharged into the environment and thus high 
concentrations of chromium are found in both marine and freshwater sediments 
and in soil associated with industrial discharges such as steel production, wood 
preservation, and leather tanning (McLean and Beveridge, 2001; Viti et al., 
2003). Chromium occurs in oxidation states from +2 to +6 with +3 and +6 
being the most important biologically (Sultan and Hasnain, 2003). Furthermore, 
experimental and epidemiological lines of evidence exist for the carcinogenicity 
of some chromium compounds (Sittig, 1985) and mutagenicity in bacteria (Losi 
et al., 1994). Owing to its mutagenic and carcinogenic behaviour hexavalent Cr 
is about 100-fold more toxic than irivalcnt form (Cerxantes, 1991). 
Cadmium ranks as a major anthropogenic pollulant especialh released from 
the industrial effluents (Cunningham and Lundie, 1993). Its transfer in the soil-
plant system may lead to cadmium accumulation in roots, stems and leaves 
(Mench et al., 1989), especially in the edible parts of crops (Hooda and Alloway, 
1995) and most particularly in market garden products (Carlton-Smith and Davis, 
1983). As a consequence, the crop production may become unfit for animal and 
human consumption (Decloitre, 1998). 
The toxic effects of cadmium on microorganisms are well documented 
(Babich and Stotzky, 1977; Vymazal, 1987; Stohs and Bagchi, 1995) and derive 
from several mechanisms. Disruption of protein function can occur through 
binding of cadmium to sulfhydryl groups (Cunningham and Lundie, 1993). In 
addition cadmium competes with several divalent ions such as Ca^^ ZxC- and 
Mn"^ ^ for metal binding sites in biological systems (Hughes and Poole, 1989). 
Binding of cadmium to nucleotides leads to single strand breaks in cellular DNA 
(Mitra et al., 1979; Saplakoglu and Iscan. 1998). Cadmium toxicity can result 
in prolonged lag phase, decreased growth rate, lower cell density, even death of 
bacteria and algae at levels below 1 ppm (Aiking et al., 1982; Les and Walker, 
1984). 
Lead, the most common metal found at superfund sites, was less studied 
compared with other metals (Enger and Smith. 1992). There are reports of high 
lead accumulations in surface soil horizons due to a large capacity for lead 
immobilization, and its accumulation in relation to the soil organic fraction, 
soil pH and redox (Colbourn and Thorton, 1978; Nederlof and Van Riemsdijk, 
1995). Despite the apparent immobility of lead, organic soils or sediments do 
not retain approximately 30% of the total lead ecosystem input (Johnson ct al.. 
1995). Consequently, the soil becomes a major source of lead exposure for 
microbial communities. 
Lead is an environmental nephrotoxicant and probable human carcinogen, 
it is also reported that lead acetate cause chromosomal aberrations in human 
cells (Hayashi, 1983; Waalkes et al., 2004). Lead poisoning of children is 
common and leads to retardation and semi-permanent brain damage (Jarup, 
2003) . 
Copper is readily available as Cu(I) or Cu(II) in inorganic salts and organic 
complexes. About 30-50% of the oral intake is absorbed mainly from the 
duodenal mucosa through a copper binding proteins. Copper is an essential trace 
element required for several bacterial enzymes, particularly oxidation-reduction 
enzymes (Cass and Hili, 1980) and proteins involved in electron transport, redox 
reactions and others (Lontie, 1984). However, at higher concentrations, it is 
highly toxic to microbial cells exerting an inhibitory effect on the bacterial 
growth, and has also been incorporated as a key component of agricultural 
bactericides (Lim and Cooksey, 1993; Cervantes and Gutierrez - Corona, 1994). 
Yang et al. (2002) reported that copper pollution in soils is widespread, 
and its accumulation in crop products could pose a risk on human health. 
Moreover, Zietz et al. (2003) have found that copper in drinking water has been 
associated with Non Indian Childhood Cirrhosis (NICC), a form of early 
childhood liver cirrhosis. 
Pesticides in the environment and their toxicity 
Pesticides are one of the vital components of our modern agriculture 
practices. Some of these chemicals also play an equally important role in the 
eradication of human and domestic animal pests. Adoption of modern agricultural 
practices of highly intensive nature to feed the ever increasing population of 
the world resulted in the wide spread pollution of synthetic pesticides in the 
environment . Thus the presence of these compounds is ubiquitous, often 
contaminating surface and ground waters as they migrate from their point of 
application (Thomas et al., 2001). The movement of pesticides from one place 
to another has been thoroughly studied (Kreuger et al., 1999; Liess et al., 1999) 
and is dependent on factors such as soil-type, drainage, physical and chemical 
properties of the pesticides and weather (Brown and Hollis, 1996). In nut shell 
the indiscriminate use of these pesticidal agents has posed a great threat to man 
and his environment in several ways such as harming non-target organisms, 
causing ecological imbalance, destroying useful plants, entering into food chain 
and causing toxicity to both man and animals. Moreover, the rivers, streams and 
ponds have also become highly polluted with these harmful agents (Kumar and 
Mukerji, 1996; Phillips and Bode, 2004). 
The toxicity of pesticides to aquatic microorganisms has been exhaustively 
reviewed by De Lorenzo et al. (2001). Microorganisms are important inhabitants 
of aquatic ecosystems, where they fulfil critical roles in primary productivity, 
nutrient cycling and decomposition. Microorganisms of the aquatic environment 
are exposed directly to the pesticides because of the direct and indirect input 
of the pesticides. Though certain pesticides are known to elicit a variety of 
chronic and acute toxicity effects in microorganisms, some of them still have 
the ability to accumulate, detoxify or metabolize pesticides to some exlcnt (Do 
Lorenzo et al., 2001). It is supposed that detrimental elTccts of pcsiicides on 
microbial species may have subsequent impacts on to higher trophic levels 
(Ahlgren et al., 1990; De Lorenzo et al., 2001). To understand the mechanisms 
of pesticides action on our environment, a summary of their action on target 
organisms has been presented in Table 1. Besides these specialized actions, 
pesticides have been shown to cause various kinds of organ toxicities such as 
cardiotoxicity, neurotoxicity and ocular toxicity as a result of short term or 
chronic exposure to common pesticides such as DDT, endosulfan and HCH (Ray 
et al., 1992). A number of types of cancer have also been attributed to the 
exposure of pesticides (Jaga and Duvvi, 2001; Tisch et al., 2001). Toxicity of 
selected pesticides and their major metabolites have been compiled in Table 2. 
The phenoxyacetate herbicides which include 2,4-dichlorophenoxyacetic 
acid (2,4-D) 2,4,5- trichlorophenoxyacetic acid (2,4,5-T) and 4-chloro-2-
methyl phenoxycetic acid (MCPA) have been used extensively for the control 
of weeds s ince their introduction in the mid 1940's. A m o n g them 2,4-
Dichlorophenoxyacetic acid (2,4-D) is being used most extensively as hormone 
herbicides, resulting in the pollution of soil and natural water (Schneider, 1979; 
Radjendirane et al., 1991). Once their accumulation touches enormity, these 
compounds become very hazardous to life (Hanify et al., 1981). 
Lindane, y-isomer of BHC (benzene hexachloride), due to its widespread 
use, is a common pollutant worldwide (Phillips et al., 2001). It has been used 
since 1940s for the control of disease vectors and agricultural pests (Rogers, 
1996). Because of its carcinogenity, chronic toxicity to many aquatic organisms 
and tendency to biomagnify, BHC has been placed among the priority pollutants 
and it was banned in 1976 (Watts, 1998). However, the use of BHC in developing 
and even in some technologically advanced countries still continues and they 
are still manufactured to export (Watts, 1998). 
After the ban or restriction on various chlorinated hydrocarbon insecticides. 
Table 1: Summary of pesticide mechanisms of action on target organisms 
Pcsticidc Groups General Toxic Specific 
Class included effect site of 
action 
Organophosphate Carbamates Nervous system Acetj'Icholinesterase 
inhibition 
Organochlorines Q'clodienes Nen'ous s}'stem GABA receptor 
inhibition 
Hcrbicides Ureas, Pliotosj'nthesis Hill reaction 
cj'clic ureas. inhibition of electron 
triazines. transport 
acylanilides. 
phenylcarba mates 
triazinones 
Bipyridiniums Pholos>'nl]iesis Reducing side 
inliibition (light of photosystem I 
reaction 
P>'ridazinones Biosj'nthesis Carotene 
inhibition accumulation 
Cliloroacetamide Biosynthesis Fatty acid 
inhibition sj'nthcsis 
Dinitroanilines. Biosj'ntliesis Microtubule 
phosphoric amides. inliibition formation 
chlortlialdimethyl. 
propyzamide. 
cholchicine. 
teibutol 
B road-spca rum Clilorophcnols Multiple inhibiting Phosphorylation, 
bKxridcs actions protein synthesis. 
lipid biosynthesis 
Tnbuiyl tms. Respirator)' sj'stem Mitochondrial 
(nalk>l tins inhibition ATPase 
[Adopted from De Lorenzo et al. (2001)] 
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Table 2: Toxicity of selected pesticides and their major metabolites 
Pest icide 
factor 
Major metabolite Toxicity 
(mg/kg)* 
Detoxification 
factor (n) 
Organophosphates p-nitrophenol 6 
Parathion 350 122 
Azinphos-methyl 13 
anthranilic acid 4620 824 
Carbamates 500 
Carbaryl 1-naphthol 2590 7 
Phenylureas 1480 
Monuron 4-chloroaniline 300 1/8 
Acylanilides 1800 
Alachlor 2,6-diethylaniline 2690 2 
Phenoxyacetates 2,4-dichlorophenol 370 
2,4-D 580 2 
Toxicity reported as LD^^ oral, rat, mg/kg; data from Christensen (1976) 
carbamates gained prominance in many developed countries. They are widely 
used throughout the world (Davies and Lee, 1987). Carbamates are potent 
inhibitors of cholinesterase and hence they are highly toxic to humans (Kuhr 
and Dorough, 1976). 
Phenolic compounds in the environment and their toxicity 
Phenol ic compounds produced from coal gas i f ica t ion, chemical and 
petrochemical industries and oil refineries are among the most ubiquitous 
pollutants in industrial effluents (Swoboda -Colberg, 1995; Vijayaraghavan et 
al., 1995; Borja et al., 1996). Phenol is a hazardous substance and widely 
distributed environmental pollutant. It has been in use for disinfection for many 
years (Kirk and Othmer, 1978; Leonard et al., 1999). 
The toxic action of phenol is always associated with the loss of the 
integri ty of cy toplasmic membrane that results in d i s rupt ion of energy 
transduction, disturbance of membrane barrier and related functions, and 
subsequent cell death (Keweloh et al., 1990; Heipieper et al., 1992). In general, 
severa l m e c h a n i s m s for decreas ing membrane f lu id i ty due to var ious 
environmental stress factors have been proposed in bacterial system such as 
Pseudomonas putida (Heipieper et al., 1992), Escherichia coli (Keweloh ct 
al., 1991) and Vibrio species (Okuyama et al., 1991). These includc an increased 
degree of saturation of fatty acids, conversion of c/5-unsalurated falt\ acid to 
the trans isomer, and alteration of the polar head groups of phospholipids. 
Heavy metals, pesticides and phenolics pollution in India: An overview 
Various environmental problems due to heavy metal pollution in India have 
been reported (Chandra, 1980; Tyagi et al., 1999). The global environmental 
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system sponsored by WHO and UNEP reported the higher levels of various 
metals i.e. Fe, Mn, Cr, Cd, Hg, Pb, As and Cu in drinking water of three Indian 
cities i.e. Bombay, Delhi and Calcutta as compared to WHO permitted levels 
(GEMS, 1988). 
According to a study conducted by Ministry of Environment and Forests, 
Govt, of India, it is reported that 17 categories of industries were responsible 
for pollution of surface water in India during the last couple of years (SOER, 
2001). They are Aluminium, Copper, Iron and steel. Zinc, Caustic, Cement, Dyes, 
Fertil izers, Pest icides, Pharmaceutical, Refinery, Textiles, Petrochemical , 
Paper and pulp. Sugar, Distillery and Leather Industries. 
On the other hand, the CPCB, has also been monitoring water quality of 
national aquatic resources. The monitoring data obtained by CPCB revealed that 
organic and bacterial contamination were the critical pollution factors in the 
Indian water resources. This was mainly due to discharge of untreated waste 
waters from the urban agglomeration (SOER, 2001). 
Application of sewage sludge on agricultural, arable fields for enhancing 
productivity has been a common practice in India for many years and has adverse 
long term effects on soil microorganisms. During the last few decades the 
toxicity of heavy metals to plants and microorganisms has drawn the attention 
of many environmental scientists because of the tendency of uptake of toxic 
metals and metalloids like Cd, Cu, Co, Ag, Ni, Pb, Zn, Fe etc. by food crops and 
plants (Bhowals et al., 1987; Athar and Ahmad, 2002). A number of small and 
large scale industries in Aligarh are reported to spill large amount of heavy 
metals into the sewage in the form of industrial wastes (Ajmal et al., 1983; 
Mal ik and A h m a d , 1995). Tyagi et al. (1999, 2000) r epo r t ed that the 
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concentration of heavy metals in industrial areas in India is much higher than 
the permissible limit of World Health Organization. They have also reported 
that these metals in the ground water have caused various diseases in human 
beings and also disturb the metabolic functions. 
The most important pollutants among the environmental toxicants in India 
are the organochlorine and organophosphorus pest ic ides because of their 
massive use for the agricultural purposes. A high proportion of pesticides used 
in India is applied on crops and only a small quantity is used for soil and seed 
treatment. Soil contamination, however, has become a serious problem with 
the persistence of organochlorine and some organophosphorus pesticides (Sahai 
and Chauhan, 1977; Rehana et al., 1995; Nawab et al., 2003). Lindane (y HCH) 
was banned in 1976 but still India, China, Japan, Pakistan, Brazil, some African 
countries, Canada and most European countries used lindane. India, China and 
Japan were the most polluted countries by lindane, and India was the highest 
contaminated country in 1990 (Li, 1999). 
Bioremediation/detoxification of pollutants 
The use of microorganisms in removing or detoxifying the pollutants, 
mainly the contaminants of soil, water or sediment which may otherwise threaten 
public health, is known as bioremediation (Gupta and Mukerji , 2001). 
Biorcmcdiation has been used as a strategy of using microorganisms for 
complete transformation of organic pesticides to harmless end products such 
as CO, and H , 0 . Similarly, microorganisms can transform inorganic pollutants, 
not necessari ly completely, but to compounds with decreased solubili ty, 
mobility and toxicity (Kamaluddeen et al., 2003). 
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Heavy metals, pesticides and phenolics contamination due to natural and 
anthropogenic sources is a global environmental concern. Release of heavy 
metals without proper treatment poses a significant threat to public health 
because of its persistence, biomagnification and accumulation in food chain. 
Microbial metal bioremediation is an efficient strategy due to its low cost, high 
efficiency and ecofriendly nature (Rajendran et al., 2003). 
Microbia l in teract ions with heavy metals and their applicat ions in 
detoxification/bioremediation have been exhaustively reviewed (Ehrlich, 1997; 
Chen et al., 2002). The microorganisms have the capacity to remove, immobilize 
or detoxify metals and radionuclides through various mechanisms (Ji and Silver, 
1995; Srivastava et al., 1998). The detoxification of metals by microbes has 
been attributed to a number of processes which include oxidation-reduction, 
c o m p l e x a t i o n , m e t h y l a t i o n and r eac t ions i n v o l v i n g b i o s u r f a c t a n t s 
(bioemulsifiers) and sidrophores, as discussed and summarized by Francis 
(1990). In response to metal toxicity, many microorganisms ha\ e developed 
unique mechanisms to resist and detoxify harmful metals. These mechanisms 
of resistance may be intracellular or extracellular and ma}' be specific to a 
particular metal, or a general mechanism operating for a variety of metals 
(Fig. 1). 
The application of individual microbes and microbial communities in the 
large scale treatment of domestic and industrial wastes for the removal of heav\ 
metals is well documented. In this context Markandey et al. (2002) have reviewed 
the e f f ic iency of metal removal with part icular r e fe rence to Cr and Pb 
bioremediation. 
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The role of microbes in the removal of toxic organic pollutants from natural 
environment involves the process of biodegradation to a large extent. This process 
has also been referred to as bioremediation, bioreclamation and biorestoration. 
Nature plays an important role in modulating the microbial activity which has 
been shown to be greatly influenced by environmental factors. The purpose of 
bioremediat ion, therefore, is to minimize these environmental pollutants 
(Timmis et al., 1994). It is to be emphasized here that any biodegradation 
operation to be undertaken must compete economically and functionally with 
other types of physical and chemical processes available in the removal of 
pollutants. For soils, these methods include thermal treatment (incineration) 
and solvent or detergent washing technique etc. (Amend and Lederman, 1992). 
Bioremediation, however, provides a reliable and a low cost alternative. 
The degradation of pesticides by microorganisms and the mechanisms 
involved in this process have been extensively reviewed (Kumar and Mukerji, 
1996; Kumar et al., 1996). Various reports on the chemistry, degradation and 
mode of action of phenoxyacetate herbicides are also available in literature 
(Loos, 1975; Sandmann et al., 1988; Mai et al., 2001). 
Most of the organic chemicals/pollutants are subject to enzymatic attack 
by living organisms which may lead to the transformation of these compounds, 
although the end products may differ drastically (Alexander, 1994). 
Microbial degradation of phenolic ocmpounds has also been documented 
lately, albeit, only at low concentration. Bacteria, algae, fungi and yeast have all 
been r epor t ed to d e g r a d e p h e n o l i c c o m p o u n d s . A m o n g them are the 
Pseudomonads (Kotturi et al., 1991; Hinteregger et al., 1992), Bacillus sp. 
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(Gurujeyalakshimi and Oriel, 1989), Alcaligenes sp. (Hughes et al., 1984), 
Streptomyces sp. (Antai and Crawford, 1983), Trichosporon sp. (Neujahr and 
Varga, 1970), Candida sp. (Neujahr et al., 1974), Ochromonas sp. (Semple 
and Cain, 1996), and the most extensively studied are the Pseudomonas species 
(Yap et al., 1999). 
Enzymatic approach in the removal of toxic chemicals from water bodies 
has generated a lot of attraction lately. The peroxidase from horse raddish has 
been found to efficiently remove phenol and aromatic amines from aqueous 
solution (Klibanov et al., 1983) and to decolorize f rom phenolic industrial 
e f f luen t s (Davis and Burns , 1990). Phenols and a roma t i c amines are 
intermediary products in the degradation pathway of pest icides and other 
a romat ic c o m p o u n d s , and these in te rmedia tes can be p o l y m e r i z e d by 
phenoloxidases (Berry and Boyd, 1985). The enzyme catalyzed polymerization 
can be considered a detoxification reaction, which could be applied to terrestrial 
and aquatic environments. 
Immobilization of bacterial cells for the bioremediation/detoxif ication 
of water pollutants 
Immobi l ized cells are defined as cells that are en t rapped within or 
associated with an insoluble matrix. Mattiason (1983) discussed six general 
methods of immobilization viz. covalent coupling, adsorption, biospecif ic 
affmily, entrapment in a three dimensional polymer network, confinement in a 
liquid-liquid emulsion, and entrapment within a semipermeable membrane. Under 
many conditions, immobilized cells have advantages over either free cells or 
immobilized enzymes. Catalytic stability can be greater for immobilized cells 
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and some immobilized microorganisms tolerate higher concentration of toxic 
compounds than do their non-immobihzed counterparts ( Westmeier and Rehm, 
1985; Ignatov et al., 2002). 
Immobilization provides an increased resistance of substrates and products 
to diffusion through immobilization matrices. Although cell immobilization is 
commonly used in processes for microbial production of specialty chemicals 
(Wood and Calton, 1984), few studies have addressed the use of immobilized 
cells to degrade toxic compounds too (Westmeier and Rehm, 1985; Cho et al., 
2000; Prieto et al., 2002). 
In biological waste water treatment, immobilization of microorganisms 
has gained a great deal of attraction. Adsorption of organisms on activated carbon 
is one way which has the advantage that microbial resistance to compounds like 
phenol is increased because the pollutant itself is bound and thus easily removed 
from the water phase (Ehrhardt and Rehm, 1985). 
The entrapment of cells in alginate is another promising method for 
microbial degradation of toxic substances (Westmeier and Rehm, 1985). These 
b ioca ta lys t s are also favourab le for inves t iga t ion of the physiology of 
immobilized microorganisms. The immobilization method is not toxic to the 
cells, and for the dissolution of gel particles, and thus the liberation of the 
immobilized cells, is easy and rapid (Vorlop and Klein, 1983). 
The degradation of phenol by Pseudomonas putida, immobilized in calcium 
alginate, was examined by Bettmann and Rehm (1984). They found better 
degradat ion rates in immobil ized cells than in f ree cells. Moreover , the 
immobilized bacteria could be exposed to higher phenol concentration without 
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loss of cell viability. The reasons for these phenomena however, were unknown 
(Keweloh et al., 1989). Asthana et al. (1995) repor ted that Ca-a lg ina te 
immobilization method was very effective in nickel biosorption. 
Mar iano et al. (1999) have demonstrated the abili ty of immobil ized 
bacterial strains in the biotransformation of aromatic compounds by barium 
alginate beads. On the other hand, bacterial cells immobilized by calcium alginate 
beads were found to be non-responsive to the toxic effects of phenol (Keweloh 
et al. , 1989) . The degrada t ion of 3 -ch lo roan i l ine by ca lc ium a lg ina te 
immobilized cells of Pseudomonas acidovorans CA28 was described by Ferschl 
et al. (1991). Immobilized Pseudomonas putida US2 was also found to be 
beneficial in the biodegradation of 2-chloroethanol (Overmeyer and Rehm, 
1995). A comparative analysis of cadmium biosorption on free and immobilized 
cells in alginate beads was carried out by Lebeau et al. (2002). Phillip et al. 
(2000) on the other hand discussed the suitability of several commonly available, 
inexpensive matrices for immobilization of Pseudomonas aeruginosa ceils. 
Several workers demonstrated a better remediation of heavy metals by the 
immobilized organisms as compared to free cells (Sag et al., 1995; Tsekova 
and Ilieva, 2001). 
Role of various l iving organisms in the degradat ion/detoxi f icat ion of 
major Indian water pollutants 
A brief outline of various organisms used for detoxification of the major 
toxicants of Indian water bodies i.e. heavy metals, pesticides and phenolics are 
presented below. 
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1) Algae and fungi: Among the green algae, the genus Chlorella has been 
identified as a potential candidate for metal biosorption (Ting et al., 1989; 
Aksu and Kutsal, 1991). Gale (1986) reported effective removal of Pb by 
b l o o m s of Chlorella, Cladophora, Rhizoclonium, Hydrodictyon, 
Spirogyra and Oscillatoria. Tsuji et al. (2002) have recently demonstrated 
that the synthesis of phytochelat ins in a mar ine alga, Dunalliela 
tertiolecta, is strongly induced by Zn. Pretreatment of the cells with Zn 
enhanced the tolerance towards toxic heavy metals such as Cd, Hg, Cu and 
Pb. A marine diatom Skeletonema costatum was reported to degrade 2,4-
d i ch lo ropheno l (Yang et al., 2002) . Sca rano and More l l i (2002) 
characterized cadmium and lead phytochelatin complexes formed in a 
marine microalga in response to metal exposure. Brown alga Fucus 
serratus was found to accumulate arsenate readily and transformed it into 
several arsenic compounds depending on the exposure concentration 
(Geiszirger et al., 2001). Several research groups have recently studied 
the possibility of reducing the toxicity of many aromatic compounds (e.g. 
pesticides, phenols, disinfectants etc) of pol luted environment using 
various fungi (Valli and Gold, 1991; Kissi et al., 2001; Fountoulakis et 
al., 2002). 
2. Plants: Biodegradation of organic xenobiotics by plants were reviewed 
by Zaalishvili et ai. (2000). They further described the detoxification 
pathways operating in plants and their role in remediation of the biosphere. 
Moreover , Cobbctt and Goldsbrough (2002) r ev iewed the roles of 
phytochelatins and metallothionein in heavy metal detoxification and 
homeostasis. It is an established fact that plants are capable of undertaking 
detoxification processes in air, soil and water (Arthur and Coats, 1998; 
Salt et al., 1998; Memon et al., 2001). 
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3. Bacteria: Role of bacteria in the biodegradation and detoxification of the 
toxicants is well documented (Lai et al., 1995; Johri et al., 1996). 
Matsumura et al. (1976) first reported aerobic degradation of HCH, a 
persistent pesticide, by a Pseudomonas strain. Later on, its degradation 
by a Pseudomonas paucimobilis was reported by Wada and coworkers 
(1989). The role of Pseudomonas species in the biodegradation of y-HCH 
is also well established (Imai et al., 1989; Nawab et al., 2003). 
The bacteria involved in the metabolism of 2,4-D and its other derivatives 
have been extensively studied by several investigators (Oh and Tuovinen 1991a; 
Roane et al., 2001; Cho et al., 2002). 
Biodegradations of carbamate pesticides by different bacteria were also 
demonstrated by several workers (Larkin and Day, 1986; Hayatsu et al., 1999; 
Hanumanthanaik et al., 2001). 
Detoxification of Cd by Arthrobacter, Bacillus or Pseudomonas spp. has 
been reported by Roane and Pepper (2000). Cadmium resistance with the 
probable ability of detoxification in Pseudomonas putida was also reported by 
Lee et al. (2001). Moreover, Wang et al. (1997) have reported the use of 
Pseudomonas aeruginosa for the removal of cadmium. 
Detoxification of Cr by means of microbes has been demonstrated by 
several investigators (Shen and Wang, 1993: McLean and Bevcridgc. 2001; 
Megharaj et al., 2003; Viti et al.. 2003). 
Saxena and coworkers have recently isolated a Pseudomonas putida strain 
from copper mines which is capable of precipitating copper and thus an attractive 
candidate for bioremediation of copper (Saxena and Srivastava, 1998; Saxena et 
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al., 2001). The general heavy metal sorption mechanisms operating in various 
microbes are shown in Fig. 2. 
Detoxificat ion of phenols by Comamonas testosteroni strain has been 
reported by Yap et al. (1999). Moreover, Pseudomonas putida has also been 
demonstrated to degrade phenols (Allsop et al., 1993). Detoxification of the 
phenolics like pentachlorophenol by Pseudomonas sp. Bu34 has also been 
reported by Lee et al. (1998). Catechol degradation was clearly demonstrated 
by Rider et al. (1998) using a Pseudomonas putida strain. Moreover, O'Reilly 
and Crawford (1989) earlier reported the degradat ion of p-cresol by an 
immobilized Pseudomonas sp. 
Applications of Pseudomonas fluorescens strains in detoxification of water 
pollutants 
Pseudomonas fluorescens is a non pathogenic soil bacterium, it produces 
greenish fluorescent pigment. Various Pseudomonas fluorescens strains have 
been reported to have potential in detoxifying certain organic and inorganic 
water pollutants. This soil bacterium was found to be especially useful in 
combating heavy metal pollution (Bopp and Ehrlich, 1988; Joshi-Tope and 
Francis, 1995). Several investigators have also studied the mechanism of heavy 
metal and pesticide bioremediation in Pseudomonas fluorescens (Zablotwicz 
et al., 2001; Hamel and Appanna, 2003). 
M u l t i p l e me ta l t o l e r ance in Pseudomonas fluorescens and its 
biotechnological significance have been the subject of study for Appanna and 
coworkers (Appanna et al., 1995; Appanna and Hamel, 1996; Appanna et al., 
1996). Moreover, the role of phosphate in the culture medium of Pseudomonas 
fluorescens A T C C 1 3 5 2 5 was also ascer ta ined on the ex t race l lu la r and 
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Fig. 2. Microbes mediated heavy metal sorption mechanisms 
[Adopted from Rajendran et al. (2003)] 
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intracellular accumulation of lead (Al-Aoukaty et al., 1991). Lopez et al. (2000) 
demonstrated the effect of pH on the biosorption of nickel and other heavy 
metals by Pseudomonas fluorescens 4F39. Shah and Thakur (2003) carried out 
the e n z y m a t i c deha logena t i on of pen tach lo ropheno l by Pseudomonas 
fluorescens of the microbial community from tannery effluent. P. fluorescens 
was also found to utilize pentachlorophenol as a carbon source (Shah and Thakur, 
2003). Utilization of petroleum hydrocarbons by P. fluorescens isolated from 
a petroleum contaminated soil was further reported by Barathi and Vasudevan 
(2001). Wedemeyer (1966) was also able to demonstrate the upake of 2,4-D by 
some Pseudomonas fluorescens strains. 
Objectives of the present study 
In view of the literature survey conducted on the water pollutants and their 
bioremedial strategies employed by the earlier workers, we laid down the 
following objectives for the bioremediation of major water pollutants in India: 
1. Isolation of the naturally occurring Pseudomonas fluorescens strain from 
the highly polluted soil. 
2. Characterization of the tolerant isolate in terms of the multiplicity as well 
as the potency of the resistance markers. 
3. Role of plasmid in the tolerance, bioremediation and detoxification of the 
major toxicants of Indian waters. 
4. Suitability of the test isolate in terms of the efficiency of bioremediation 
and detoxification of the test toxicants. 
5. Su i t ab i l i ty of the immobi l ized cell system for the pur i f i ca t ion of 
contaminated water. 
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CHAPTER-II 
^eneraC Materials 
and Metfiods 
C H E M I C A L S 
The chemicals used during the present course of study with their sources are 
listed as under: 
CHEMICALS 
Amino antipyrene 
Acetic acid (glacial) 
Acetone 
Agarose 
Agar agar 
Ammonium chloride 
Ammonia extrapure AR 
Bromophenol blue 
Benzene hexa chloride 
(commercial grade) 
Benzene hexa chloride 
(technical grade) 
Cadmium chloride 
Calcium chloride 
Catechol 
Chloramphenicol 
Copper sulphate 
Cresol 
Disodium hydrogen phosphate 
D-Glucose 
SOURCE 
SRL, India 
Qualigen's, India 
SRL, India 
Sigma Chemical Co., USA 
Hi-Media, India 
Hi- Media, India 
SRL, India 
Qualigen's, India 
A gift from Dr. B.S. Parmar, lARI. 
New Delhi (for all experiments 
other than HPLC) 
Sigma Chemical Co., USA 
(for HPLC work) 
Qualigen's, India 
Qualigen's, India 
Qualigen's, India 
Parke- Davis, India 
Qualigen's, India 
Qualigen's, India 
Qualigen's, India 
Qualigen's, India 
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D-Biotin 
Dipotassium hydrogen 
orthophosphate 
Diphenylamine 
Dichlorophenoxy acetic acid 
(commercial grade) 
Dichlorophenoxy acetic acid 
(technical grade) 
Dinitrophenol 
DNA standard (Supermix ladder) 
Ethylene diamine tetra acetic acid 
(EDTA) 
Ethanol (95% pure) 
Ethidium bromide 
Ferric chloride 
Glycerol extrapure AR 
Hydrochloric acid 
Lead acetate 
Mancozeb 
(commercial grade) 
Mancozeb 
(technical grade) 
Magnesium sulphate 
Sigma Chemical Co., USA 
Qualigen's, India 
SRL, India 
A gift from Dr. B.S. Parmar, lARI, 
New Delhi (for all 
experiments other 
than HPLC) 
Sigma Chemical Co., USA 
(for HPLC work) 
Qualigen's, India 
Bangalore Genei, India 
S.D.Fine Chem. Co, USA 
Hayman, UK 
SRL, India 
Loba-Chemie, India 
SRL, India 
SRL, India 
SRL, India 
A gift from Dr. B.S. Parmar, lARI, 
New Delhi (for all experiments 
other than HPLC) 
Sigma Chemical Co., USA 
(for HPLC work) 
Qualigen's, India 
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Nickel chloride 
Nutrient agar 
Nutrient broth 
Potassium acetate 
Phenol 
Plasmid DNA (pBR322) 
Resorcinol 
Sodium dodecyl sulphate extrapure 
Sodium azide 
Sodium chloride 
Sulphuric acid 
Sodium hydroxide 
Tris-HC) 
Qualigen's, India 
Hi-Media, India 
Hi-Media, India 
Qualigen's, India 
Loba-Chemie, India 
Bangalore Genei, India 
Qualigen's, India 
SRL, India 
Hi-Media, India 
Hi-Media, India 
Qualigen's. India 
Qualigen's, India 
Sigma Chemica] Co.. USA 
MEDIA 
Pseudomonas Agar (pH 7.0) 
Peptone 10 g/L 
Tryptone 10 g/L 
Magnesium sulphate 1.5 g/L 
Dipotassium hydrogen phosphate 1.5 g/L 
Glycerol 
Agar 
Nutrient Agar (pH 7.4) 
Peptone 
Sodium chloride 
10 mL/L 
15 g/L 
5.0 g/L 
5.0 g/L 
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Beef extract 1.5 g/L 
Yeast extract 1.5 g/L 
Agar 15.0 g/L 
Media for Ames Strains 
Medium for master plates and slants: The composition of the medium for 
Ames tester strains to prepare master plates and slants is as under: 
Sterile Agar 15 g/910 mL 
Sterile 50x VB salts 20 mL 
Sterile 40% glucose solution 50 mL 
Sterile histidine. HCl solution 10 mL 
(2 g/400 mL H^O) 
Sterile 0.5mM biotin solution 6 mL 
(30.9 mg/250 mL H^O) 
Sterile ampicillin solution 3.15 mL 
(8 mg/mL 0.02N NaOH) 
Sterile tetracycline solution 0.25 mL 
(8 mg/mL 0.02 N HCl) 
Agar and other thermostable materials/solutions were autoclaved for 20 
minutes at 15 Ib/sq inch. Sterile glucose, 50x VB salts and histidine sokilions 
were added to the hot sterile agar solution. It was mixed and allowed to cool 
approximately to 50®C. Filter sterile biotin, ampicilin and tetracycline solutions 
were then added aseptically. 
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Stock solutions of 50x VB salts 
Stock solution of VB salts (50x) was prepared us ing the fol lowing 
ingredients: 
MgSO^. VH^O 10 g/L 
Citric acid monohydrate 100 g/L 
K^HPO^ (anhydrous) 500 g/L 
NaHNH,PO,. 4 H p 175 g/L 
The salts were added in the order indicated in a 2-liter beaker or flask 
containing 670 mL of water. Each salt was allowed to dissolve completely 
before adding the next. The volume was then made up to 1 litre. It was then 
distributed into i litre glass bottles. This stock solution was autoclaved for 20 
min at 121®C. After the solutions have cooled down, the caps were tightened 
and stored at 4°C. 
Maintenance and growth of bacteria 
Each strain of Salmonella typhimurium was streaked over master plate. 
A single colony was picked up, grown in minimal medium and repurified by 
streaking over fresh master plate. 
The Salmonella typhimurium strains were tested on the basis of associated 
gcnetic markers after raising it from the single colony from the master plate. 
Having satisfied with the test clone the culture was raised and streaked over 
minimal and nutrient agar slants. It was then allowed to grow 0 / N at 37°C and 
stored at 4°C. Every month the cultures were transferred over fresh slants. Stabs 
were perpared for longer storage. For more longer storage glycerol culture of 
the tester strains were perpared and stored at -80°C. 
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Test heavy metals used in our study 
The heavy metals Ni, Cd, Cu, Cr and Pb used in the present study were 
available in the form of salts NiCl^, CdCl^, CuSO^, K ^ C r p ^ and PbCNOj)^ 
respectively. The solutions were prepared in glass distilled water using minimal 
amount of acid, if required. 
Test phenolic compounds used in our study 
The phenolic compounds used in the present study were catechol, cresol, 
phenol and resorcinol. Fresh solutions were prepared using distilled water. 
Preparation of solutions of test pesticides 
Stock solution: 
Stock solution: 
Stock solution: 
1 mg of 2,4-D was dissolved in 1 mL of DMSO. 31.2 |iL 
of stock solution was added to 100 mL water/nutrient 
medium to obtain 4x concentration of 2,4-D. 
1 mg of BHC was dissolved in 1 mL of acetone. From the 
stock, 200 ^L solution was wi thdrawn and added to 
100 mL water/ nutrient medium to obtain 4x concentration 
of BHC. 
I mg of Mancozeb was dissolved in 1 mL of DMSO. 
124.8 )aL of stock solution was added to 100 mL water/ 
nutrient medium to obtain 4x concentration of mancozeb. 
Collection of samples 
The experimental soil was collected from the industrial estate of Aligarh 
city, which had been receiving industrial sewage water for over a decade (Athar, 
1999). This soil was grounded by means of mortar and pestle, and passed through 
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a 2 mm sieve. It was then analysed for various physicochemical parameters (Table 
1). The soil samples were collected in sterilized polyethylene containers with 
the help of sterilized spatula and were then transferred and stored at 4°C for 
further microbiological studies. 
Collection of samples from industrial sewage water 0 
The industrial sewage water samples were collected from industrial estate 
in the vicinity of Aligarh city, using sterilized polyethylene bottles. 
Maintenance of bacterial cultures 
After obtaining well separated and discrete colonies of Pseudonwnas 
fluorescens on selective agar plates, the confirmatory tests were carried out on 
the bas is of IMViC ser ies of tests as wel l as i l l u m i n a t i o n under UV 
transilluminator. Pure bacterial culture was then obtained on separate agar slants 
and stored at 4°C. 
The cultures were revived once in a month and for longer storage of the 
culture, glycerol stocks were prepared and stored at -80°C. 
Some general characteristics of pesticides under study [(adopted from 
Douglas and Hamish (1987)] 
2,4-D 
Common Name 2,4-D 
Chemical name: 2,4-dichlorophenoxy acetic acid 
Chemical family; phenoxy acetate 
Molecular formula: C,H,CLO, 
0 0 2 J 
Molecular weight: 221.04 
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Physical form: 
Melting point: 
co lu r l e s s c rys ta l s ( ac id and sal ts ) , 
colourles liquid (isopropyl esters) 
MO-S-'C (acid) 
179-180''C (ammonium salt) 
85 - SVC (dimethylammonium salt) 
157-159°C (methylammonium salt) 
145 - 147°C (ethanolamine salt) 
142 - 144°C (triethanolamine salt) 
130°C at 1mm Hg (isopropyl ester) 
Stability: 2,4-D is a strong acid, and forms water-soluble salts with alkali metals 
and amines, hard water leads to precipitation of the calcium and magnesium 
salts. But a sequestering agent is included in the formulations in order to prevent 
this. 
BHC/HCH 
Boiling point: 
Insect ic ide/Pest ic ide 
Common name : hexachlorobenzene 
Chemical name: hexachlorobenzene 
Trade name: 
Chemical family: 
Anticarie No Bunt, Ceku C.B. (Cequisa) 
Organochlorine 
Molecular formula: 
Molecular weight: 
Physical form: 
Melting point: 
Boiling point: 
CaCl, 
284.81 
colourless crystal (easily sublimable) 
226''C 
323-326°C 
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V. Pressure: 
Specific gravity: 
Stability: 
Corrosiveness: 
Mancozeb 
Fungic ide 
Common name: 
Chemical names: 
1.45 mPa at 20°C 
2.044 at 23°C 
Other name: 
Trade name: 
Chemical family: 
Physical form: 
Melting point: 
very stable, even to acid and alkalis 
non-corrosive 
mancozeb (BSI, ISO- E) 
manganese ethylenebis (dithiocarbamate) 
( po lymer i c ) c o m p l e x wi th z inc salt 
(lUPAC) 
[(1,2 ethanediylbis [Carbamodithioato]] 
(2-)] m a n g a n e s e m i x t u r e wi th [(1,2-
ethanediyl-bis (carbamodi th ioa to] ] (2-) 
zinc (CA) manganese -z inc ethylenebis 
(dithiocarbamate) 
mancozebe (ISO-F); manzeb (JMAF) 
Dithane Ultra 
d i t h i o c a r b a m a t e , o r g a n o m a n g a n e s e , 
organozinc 
greyish-yellow powder 
decomposes , w i thou t me l t ing , at 192-
194'C. 
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Boiling point: 445°C 
Stability: stable under normal, dry storage condition. 
slowly decomposed by heat and moisture, 
unstable in acidic media. 
Corrosiveness: non-corrosive in the dry state 
Structures of the test pesticides and phenolic compounds used in the present 
study are presented in Fig. 1. 
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Table l :Phys ica l and chemical properties of the test soil used in this 
study 
Texture Sandy clay loam 
Type Alluvial 
pH 7.7 
Cation exchange capacity (CEC) 11.7 
Water holding capacity (%) 40 .6 
Organic matter (%) 0 .62 
Organic carbon (%) 0 .36 
Available ni trogen (Kg/ha) 170 
Anion exchange capacity (AEC) 5.1 
Cation exchange capacity (Cmol Kg-') 
Anion exchange capacity (Cmol Kg ') 
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Pesticides 
OCH2COOH 
CI 
CI 
2,4-Dichlorophenoxyacetic 
acid 
CHJ-NH-C-SV 
C H j - N H - C - S . 
S 
Mancozeb 
M n - (Zn)y 
a-HCH P - H C H 
y-HCH 8-HCH 
Phenolic compounds 
OH OH OH 
H 
OH 
Phenol Cresoi Catechol Resorcmol 
CHAPTER 
IsoCation and characterization of 
the toj(icants toCerant ^seucfomonas 
fCuorescens strain from soi[ 
I N T R O D U C T I O N 
The capacity of microorganisms to grow and survive under unfavourable 
condit ions is f requent ly encountered, and is at tr ibuted to stress induced 
selection of these microbes (Srivastava et al., 1998). They have also been 
successful ly used in the removal or detoxification of hazardous pollutants. 
Pseudomonas is a medical ly and commercially important genus of gram 
negat ive bacter ia that include phenotypical ly and genotypica l ly diverse 
groups . Physio logica l and genetic features of Pseudomonas make them 
p r o m i s i n g a g e n t f o r u t i l i z a t i o n in b i o t e c h n o l o g y , a g r i c u l t u r e and 
env i ronmenta l b io- remedia t ion appl icat ions . The ab i l i ty to b iodegrade 
chemical wastes is an interesting feature of these bacteria (Hinteregger et 
al., 1992; Allsop et al., 1993; Sultan and Hasnain, 2003). 
Pseudomonas fluorescens be longs to a g r o u p of c o m m o n non-
p a t h o g e n i c s a p r o p h y t e s that co lon i ze so i l , w a t e r and p lan t s u r f a c e 
environments. It produces soluble greenish fluorescent pigment , particularly 
under conditions of low iron availability. Pseudomonas fluorescens partially 
or complete ly degrades pol lutants such as styrene, T N T and polycycl ic 
aromatic hydrocarbons. This bacterium emits f luorescence under ultra violet 
light and thus its ident i f icat ion is easy. Certain strains of Pseudomonas 
fluorescens have been shown to have significant role in the bioremedialion 
of heavy metals, pest icides and phcnolics (Appanna ct al., 1996; Lope / cl 
al., 2000; Zablotwicz et al., 2001; Shah and Thakur. 2003). Moreover, it is 
a non-pathogenic organism and thus can be handled easily and without fear 
of the spread of any disease. 
Heavy metal contaminat ion of agriculture arable f ields by frequent 
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applications of deposited sewage sludges and industrial e f f luents can have 
adverse long term effects on soil microorganisms (Freedman, 1995; Bojic 
et al., 2002). Various developments in the fields of agriculture and industry 
resulted in the introduction of new organic pollutants which find their use 
as fire retardants, paints, solvents, herbicides and fungicide . Some of these 
compounds are degraded by microorganisms (Nei l son , 1985). Phenol ic 
c o m p o u n d s f r o m pe t rochemica l indust ry , chemica l i ndus t ry and coal 
gas i f ica t ion are also among the pollutants found in industr ia l e f f luents 
(Swaboda-Colberg, 1995; Leonard et al., 1999). Because of their harmful 
effects on humans, their degradation is of obvious interest. 
Aligarh is a major lock manufacturing city for more than 50 years. Large 
amounts of heavy metals are supposed to be released f rom various lock 
m a n u f a c t u r i n g and e lec t ropla t ing indust r ies and the emiss ion rate has 
increased considerably during the last two decades (Malik, 1994; Athar, 
1999). These pol lutants exert profound effect on the ecological status of 
the sys tem and c rea te p r o b l e m s re la ted to pub l i c hea l t h (Moore and 
Ramamoorthy, 1984; Lorenzon et al., 2000). 
Several studies conducted in India suggested the presence of various 
pollutants in the surface waters with the major toxicants being the heavy 
metals , pest ic ides and phenolics (Handa, 1992; Kumar and Singh. 1993; 
Agnihotri et al., 1994; CPCB, 1995; Nomani et al.. 1996: Ground Water 
Quality Series 8/1996-97; Datta, 1999). 
P r e sen t chap t e r deals wi th the i so la t ion and c h a r a c t e r i z a t i o n of 
Pseudomonas fluorescens strain capable of degrading/detoxifying the major 
water pollutants of India viz. heavy metals, pest icides and phenolics. The 
p laus ib le b iochemica l m e c h a n i s m s of r e s i s t ance wi l l be d i scussed in 
Chapter IV. 
MATERIAL AND METHODS 
Col lect ion of soil samples 
The soil samples were collected in sterilized polyethylene containers 
with the help of sterilized spatula. The samples for microbial studies were 
taken at a depth of 15 cm from various agricultural f ields adjoining Grand 
Trunk Road, Al igarh , UP (India) and t r ans fe r red to the laboratory for 
microbiological studies. These were kept moist with sterile distilled water 
(Athar, 1999; Nawab et a l , 2003). 
Concentrations of toxicants used for the present study 
The soil receiving industrial sewage water was analyzed for various 
h e a v y m e t a l s and p e s t i c i d e s w i t h the h e l p of a t o m i c a b s o r p t i o n 
spectrophotometer and HPLC respectively (Table 1). The details of these 
analyses have been described elsewhere (Chapter V). It is evident from Table 
1 that the soil contained Cu at the maximum concentrat ion of 735.5 ppm 
fo l lowed by Ni , Pb and Cd in that order as 301.9 , 194.2, 124.0 ppm 
respectively. Infact we did not try to analyse the soil for the presence of 
Cr (VI ) but p o t a s s i u m d i c h r o m a t e at a c o n c e n t r a t i o n of 10 ppm was 
supplemented in the selective medium for the isolation of Cr(VI) tolerant 
strain. Among pesticides, BHC was most abundant (500 ppb) fol lowed by 
mancozeb (312.5 ppb) while 2,4-D showed the lowest concentrat ion in the 
soil (78.1 ppb). We did not analyze the phenolics also in the soil. However, 
the concentration for the individual phenols used in this study, was kept at 
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ImM, to isolate the strain tolerant to phenolics, assuming the maximum 
concentration of the individual phenols not exceeding 1 m M in the polluted 
water. 
It is with this context, we prepared the so lu t ions of each toxicant 
i n d i v i d u a l l y and in c o m b i n a t i o n p r e s u m i n g tha t t h e s e w o u l d be the 
representat ive concentrat ions of toxicants in highly pol lu ted water also, 
and thus the concentration of each toxicant presented in Table 1 is referred 
to as Ix. 
Isolation of Pseudomonas fluorescens strain from soil 
The isolation of Pseudomonas fluorescens strains f rom soil was done 
according to the method described by Radjendirane et al. (1991) with slight 
modif icat ion as detailed below: 
The enrichment technique was employed for the isolation of test strain. 
The soil was collected from various spots within the industrial area of Aligarh. 
A composite sample of 100 g soil was suspended in 250 mL distilled water and 
allowed to settle down after vigorous shaking. The supernatant containing mixed 
bacterial population was filtered through ordinary filter paper. It was then 
centrifuged at 5000 rpm for 5 minutes at 4°C in Remi (India) centrifuge model 
R8C. The supernatant was discarded and the several pellets obtained as above 
were pooled down and further concentrated via centr i fugat ion. The pellet 
containing the inoculum was ilicn spread on the Pseudomonas agar plates with 
different concentrations of toxicants. The seeded plates were incubated at 37°C 
overnight. The colonies obtained were checked for fluorescence under ultra 
violet light (250 - 350 nm) and the fluorescent c lumps of colonies were 
separately streaked on a fresh supplemented plate for obtaining isolated colonies 
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of resistant Pseudomonas fluorescens isolates. Among several colonies, a well 
separated single colony was picked up to perpare a pure culture. In this way 
several tubes of pure cultures were perpared using individual colonies. The 
concentrations of filter sterilized individual toxicants added to the molten 
agar medium were equal or simple multiple to those given in Table 1. 
Biochemical characterization of Pseudomonas fluorescens strains 
The test Pseudomonas fluorescens isolates were finally characterized 
on the basis of morphological, cultural and biochemical properties (Collins 
and Lyne, 1987). 
Isolation of toxicant tolerant Pseudomonas fluorescens strains 
For the i s o l a t i o n of t o x i c a n t t o l e r a n t P. fluorescens s t r a in , a 
preliminary screening was done employing Ix concentrat ion of the toxicants 
taking in combination. From among the 100 moderately tolerant isolates 
further screening was carried out using 4x concentrat ions rather than Ix of 
the test toxicants viz. a 4x concentration of the mixture of test heavy metals 
taking in combination. 4x concentration of the mixture of test phenols or 
4x concentration of the mixture of the test pest icides . The aforementioned 
s u b s c r e e n i n g r e s u l t e d in the a p p e a r a n c e of 6 c o l o n i e s on the 4x 
supplemented plates for heavy metals . 3 co lonies appear ing on the 4x 
supplemented mixture of pesticides plate and only 2 colonics on the phenols 
supplemented plates obtained by tooth picking of all the 100 clones isohiiod 
at the level of first screening. When these highly tolerant 11 isolates were 
allowed to grow in the Pseudomonas broth containing all the toxicants at 
the level of 4x concentration, only 2 clones could exhibit the appreciable 
growth. The details of this subscreening procedure is given under the next 
heading. 
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Subscreening of toxicant tolerant clones in the l iquid media 
The 11 isolates displaying higher tolerance to either of the three groups 
of toxicants were inoculated in Ix toxicants supplemented Pseudomonas 
broth with the over night ( 0 / N ) incubation at 0.5 mL of the over night 
g rown cu l tu re s w e r e then 10 fold d i lu ted in the Pseudomonas b ro th 
conta in ing f i l ter s ter i l ized pol lutants , viz heavy meta ls , pes t ic ides and 
phenolics at 4x concentrat ion. Turbidity of each culture was recorded at 
550 nm at different t ime intervals. Negative controls (no toxicants) were 
also run simultaneously. The two cultures exhibit ing the maximum growth 
in the presence of the three types of toxicants separately and in combination 
of all toxicants were labelled as SMI and SM6 strains. The SMI strain was 
finally selected for fur ther studies. 
Growth and viabi l i ty of Pseudomonas fluorescens S M I strain under 
s tress 
The test SMI strain was inoculated in Pseudomonas broth to which 
(i) sterile industrial sewage water was used as solvent, instead of distilled 
water, and (ii) 4x toxicants (heavy metals, pesticides and phenolics) were 
added to Pseudomonas medium (+ve control). Its e f f ic iency of tolerance 
was also determined by suspending in normal saline and in f i l tered polluted 
water. 
S t u d i e s on the u t i l i z a t i o n of the tes t o r g a n i c t o x i c a n t s by the 
Pseudomonas fluorescens SMI strain 
Growth of the test Pseudomonas fluorescens SMI strain was monitored 
in the liquid mineral medium containing either of the toxicants namely 
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2,4-D, BHC, mancozeb, catechol or cresol. For control experiments , the 
test strain was inoculated in liquid mineral medium plus solvents in case of 
pest icides due to their poor solubility in water miscible organic solvents 
and h igher concent ra t ion (i.e. 40x) taken for this exper iment . The cell 
density in terms of O.D. was recorded at different t ime points starting from 
24 hrs upto 72 hrs keeping the temperature to be 37°C and aeration at 
maximum. 
RESULTS 
Isolation of toxicant tolerant Pseudomonas fluorescens strain 
Table 2 presents the results of pre l iminary sc reen ing for toxicant 
tolerant Pseudomonas isolates. At this stage we were able to select 11 
isolates which were tolerant to 4x concentration of the various groups of 
toxicants. In fact, 6 out of 11 were tolerant to the mixture of test heavy 
metals , 3 to the pest ic ides and 2 clones were ob ta ined f rom the plates 
containing a mixture of test phenolics alone. 
Table 3 summarizes the growth characterstics of the two best clones 
SMI and SM6 obtained after second phase of screening. The time course 
of growth of SMI and SM6 were determined in presence and absence of 
toxicants up to 48 hrs. The O.D. at 550 nm of SMI was more (1.807) as 
compared to that of SM6 (1.447) following 48 hrs of growth. 
Morpholog ica l and biochemical character is t ics 
The morphological and biochemical characteris t ics of Pseudomonas 
fluorescens SMI strain are given in Table 4. This strain bears all those 
morphological and biochemical characteristics which have been laid down 
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to be essential for a typical Pseudomonas fluorescens s train (Bergey 's 
manual, 1994) 
Comparative time course of growth of the most tolerant Pseudomonas 
fluorescens strain under stress 
Table 5 presents the data on the growth of Pseudomonas fluorescens 
SMI strain under various experimental conditions. The turbidity of SMI 
strain grown for 48 hrs under different conditions was roughly the same in 
all cases. The growth was recorded in the Pseudomonas broth supplemented 
with 4x of heavy metals, pesticides or phenolics alone as well as in the 
test toxicants (i.e. heavy metals, pesticides and phenolics) in combination. 
The appreciable growth of SMI was also obta ined in the presence of 
industrial sewage water. 
Efficiency of tolerence of the test Pseudomonas fluorescens SMI strain 
exposed to highly polluted waste water 
The O.D. of SMI strain suspended in normal saline and filtered polluted 
water was 0.180 and 0.195 respectively before incubation. The cell density 
remained almost similar af ter 24 hrs incubation at 37°C. Moreover , the 
viable cell count of SMI exposed to normal saline at 37"C for 24 hrs was 
3.58 X 10^ CFU/mL and that in filtered industrial waste water presumably 
containing the test organics was never less than the initial count rather it 
was a little bit enhanced to 4.0 x 10^ CFU/mL (Table 6). 
Utilization of BHC and phenolic compounds as a source of carbon and 
energy 
The test Pseudomonas fluorescens SMI strain was allowed to grow 
for 72 hrs in either of the three liquid media viz. (i) complete nutrient 
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medium, (ii) med ium containing phenolics and salts, or (iii) only salts 
(Table 7). Cell density was recorded to be enhanced in complete nutrient 
medium as well as in the non growth supporting salt medium but containing 
phenolics. There was no enhancement in cell density in medium containing 
only salts obvious ly because the carbon source was miss ing . The same 
exper iment was conduc ted using BHC instead of pheno l s or t ryp tone / 
peptone as carbon source in culture medium. Table 8 shows that the growth 
occurred but it was much less as compared to that recorded in phenols as 
carbon source. Thus it is clear that although SMI strain can utilize BHC 
but phenols can serve as better source of carbon and/or energy. 
We further checked the nutritive value of individual phenols and found 
that the uti l ization of catechol was faster than cresol by SMI strain (Tables 
9 & 10). The eff ic iency of utilization of the organic toxicants at the test 
concentrat ions with respect to time can be arranged as under: 
Catechol > Cresol > BHC 
DISCUSSION 
Living beings are known to survive though with diff icul ty under the 
unfavourable condi t ions and consequently adapt themselves by virtue of 
developing resistance or tolerance to changed environmental conditions. Infact, 
there have been instances wherein the factors known to causc lethality to a 
particular organism were eventually turned out to become its source of nutrition. 
Soil harbours many microbes and these microorganisms have evolved a 
number of mechanisms to survive under the hostile conditions (Gupta and 
Mukerji, 2001). It is also well established that various pollutants are eventually 
degraded by soil microbes. 
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Duxbury and Bicknell (1983) found that the majority of the potent metal-
tolerant organisms were Gram-negative. In the polluted water and sediments of 
Chesapeake Bay, the genus Pseudomonas accounted for 66% of all HgCl,-
resistant bacteria (Nelson and Colwell, 1975). Later, in a taxonomic study of 
metal-tolerant bacteria from the same location, Austin et al. (1977) reported 
that the majority of metal tolerant bacteria were mainly Pseudomonas species. 
Pseudomonas was also the predominant genus to which Houba and Remade 
(1980) assigned metal-resistance in a study of cadmium pollution of three 
aquatic ecosystems in Belgium. In addition, it is well known that metal ions 
interact with cell walls of both Gram-positive (Marquis et al., 1976) and Gram-
negative (Beveridge and Koval, 1981) bacteria thus exerting their harmful effects. 
Moreover, the heavy metals have a multiplicity of potential target sites of toxic 
action ranging from the cell wall to cytoplasmic constituents. 
Many microorganisms display resistance to metals present in water, soil 
and industrial waste. Resistance to a variety of metal ions is encoded by the 
genes located on chromosomes, plasmids, or transposons (Rani and Mahadevan, 
1992; Vargas et al., 1995). Bruins et al. (2000) reviewed metal resistance in 
microorganims based on the six known resistance mechanisms. Silver (1992) 
and Rouch et al. (1995) earlier reported these mechanisms of metal resistance. 
These mechanisms were: exclusion by permeability barrier, intra and extra-
cellular sequestration, active transport efflux pumps, enzymatic detoxification, 
and reduction in the sensitivity of cellular targets to metal ions. 
Out of 100 Pseudomonas clones exhibiting moderate tolerance (Ix) to 
all toxicants, 11 isolates were found to tolerate higher doses (4x) of heavy 
metals or pesticides or phenolics only. Among them 6 were found to tolerate 
heavy metals alone, while 3 were pesticides tolerant, and 2 were exhibiting 
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tolerance to phenolics compounds (Table 2). Further screening resulted in the 
isolation of 2 strains namely SMI and SM6 which were tolerant to pesticides, 
phenolics and heavy metals in combination even at 4x concentrations (Table 3). 
To select out one between these 2 strains in terms of tolerance of toxicants in 
c o m b i n a t i o n , the e x p e r i m e n t s were p e r f o r m e d to s tudy the i r g rowth 
characteristics in the absence and presence of toxicants. It is obvious from the 
data in Table 3, that the strain SMI was more tolerant to these pollutants than 
the SM6 strain. The SMI strain was further identified to be Pseudomonas 
fluorescens on the basis of typical biochemical tests (Table 4). Pseudomonas 
fluorescens SMI strain was further subjected to treatment with industrial sewage 
water as well as with the combination of pesticides, heavy metals and phenolics 
upto a concentration 4 times to their normal levels, and with the mixture of 4x 
heavy metals, 4x pesticides or 4x phenolics only. The growth pattern was quite 
similar under different conditions which further suggested that the SMI isolate 
was able to grow in presence of appreciable concentrations of the pollutants 
(Table 5). This Pseudomonas strain could also withstand the high doses of these 
obnoxious pollutants in combination as well as in the highly polluted industrial 
waste water upto a period of 24 hrs under the growth non-supporting conditions 
(Table 6 ) . 
Saxena et al. (2001) isolated the Pseudomonas putida S4 strain which 
was exhibiting resistance to several heavy metals, like aluminium, zinc, nickel, 
cobalt, copper etc. This strain was able to grow in presence of 1 mM Cu^^, 
2 mM Zn-' and ImM each of Co^ "" and Ni^^ Contrary to the above, our 
isolate Pseudomonas fluorescens SMI could grow well in presence of 2.34 
mM 5.07 mM Ni^^ 11.7 mM 0.13 mM Cr^^ and 2.7 mM Cd^^ taken 
in combination besides having the toxic levels of phenolics and pesticides in 
48 
the culture medium (Table 5). 
Cunningham and Lundie Jr. (1993) demonstrated that the Clostridium 
thermoaceticum tolerated up to at least 2 mM cadmium by producing sulfide, 
which is formed as an insoluble precipitate. This concentration was similar to 
that reported for P. putida GAMl (Kawai et al., 1990) and Escherichia coli 
containing the pGUlOO plasmid (Kawai et al., 1992). Moreover, in the presence 
of I m M n icke l , syne rg i s t i c toxic e f f ec t was o b t a i n e d with the C. 
thermoaceticum, as was also reported for other microorganisms (Hughes and 
Poole, 1989). Recently, Roane and Pepper (2000) identified three isolates as 
Arthrobacter, Bacillus and Pseudomonas sp. and further demonstrated that two 
of the isolates were highly resistant to soluble cadmium with maximum 
resistance at 275 mg/L cadmium while the test Pseudomonas fluorescens SMI 
strain tolerated cadmium up to a level of 496 mg/L. 
Recent ly Errasquin and Vazquez (2003) have isolated Trichoderma 
atroviride from a sludge sample polluted with heavy metals, which included 
Cu, Zn and Cd. They observed that in case of copper, T. atroviride survived at 
concentrations between zero and 300 mg/L with almost constant levels of 
biomass. However, the growth dramatically decreased at 350 mg/L. while no 
growth was detected at 400 mg/L. Furthermore, this fungus was capable of 
surviving at higher concentration of zinc i.e. up to 750 mg/L. The most toxic 
metal was Cd, with a 50% reduction in biomass at 125 mg/L and no detectable 
growth at 300 mg/L. Garcia-Toledo et al. (1985) observed that Rhizopus 
stolonifer and Cunninghamella blakesleeana ceased to grow with 450 and 
500 mg/L of copper, respectively while Aspergillus flavipes tolerated only 
upto 200 mg/L of copper (Babich and Stotzky, 1983). In the case of cadmium, 
Baldrian et al. (1996) reported the cessation of growth of the basidiomycetes 
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Phanerochaete chrysosporium, Pycnoporus cinnaharinus and Pleurotus 
ostreatus at a concentration of 11.2 mg/L of cadmium only. 
Compared with the above mentioned bacterial and fungal strains our isolate 
seems to be superior in terms of resistance or tolerance to copper and cadmium, 
since it could tolerate copper and cadmium upto the doses of 2942 and 
496 mg/L respectively. 
Roane (1999) isolated two lead resistant strains, Pseudomonas marginal is 
and Bacillus megaterium. Pseudomonas marginalis could withstand up to 2.5 
mM total (0.3 mM soluble) lead in the defined minimal medium at pH 6.8. 
Whereas, Bacillus megaterium was tolerant upto 0.3 mM of total Pb (O.I mM 
soluble) in the same minimal medium. In te res t ing ly our Pseudomonas 
fluorescens SMI strain on the other hand tolerated Pb up to 2.34 mM in the 
Pseudomonas medium at pH 6.8. 
The rise in world population and the subsequent use of various intensive 
agricultural practices, primarily the indiscriminate use of pesticides have 
resulted in serious environmental problems (De Lorenzo et al., 2001; Thomas 
et al., 2001). Remediation of pesticides is thus need of the day. This task is 
primarily taken up by isolating resistant bacteria at first step and then go on 
checking the bioremediation/detoxification potential in the tolerant strains. As 
far as the herbicide resistance in our isolate is concerned it was upto the level 
of 312 ppb in case of 2,4-D while Fulthorpe et al. (1996) recorded 2.4-D 
tolerance upto the level of 50 ppm (Table 5). 
To find out whether SMI strain was able to utilize the pesticides as the 
source of carbon and energy, we used the test pesticides individually and in 
combination in place of Pseudomonas broth and found that the Pseudomonas 
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fluorescens SMI strain could apparently utilize the BHC as source of carbon 
and energy (Table 8). However, we could not succeed in obtaining appreciable 
growth in the presence of 40x mancozeb and 2,4-D (data not shown) probably 
due to the toxic effect of organic solvent (DMSO) which had also increased by 
10 fold. Moreover, the experiments with the test phenolic compounds (Tables 
7, 9 & 10) indicated that the SMI isolate was also able to assimilate these 
toxicants also as source of carbon and energy. For phenolics, we employed 
catechol and cresol only and found that our strain efficiently utilized catechol 
but its growth was relatively slow in case of cresol (Tables 9 & 10) exhibiting 
approximately 50% rate of utilization of cresol compared to that in normal 
nutrients under our experimental conditions. 
There is no dearth of literature for clearly establishing the fact that several 
species of bacteria were capable of utilizing the test phenols and pesticides as 
sole source of carbon and energy. For instance, Bhat et al. (1994) working on 
Pseudomonas cepacia CSV90 established the utilization of 2,4-D and 2-methyl-
4-chlorophenoxyacetate as sole sources of carbon and energy. BHC has also 
been reported to be used as a source of carbon by some workers (Tu, 1976; 
Senoo and Wada, 1989; Sahu et al., 1990). The studies with our test strain SMI 
strongly suggested that in the absence of other nutrients, BHC could also serve 
as a source of carbon and energy (Table 8). While Sahu et al. (1990) recorded 
the ability of their Pseudomonas isolate to degrade gamma-HCH up to the level 
of 8120 ppb, our SM1 strain seems to have the ability to degrade BHC up to the 
level of 20,000 ppb (i.e. 40x). 
Hinteregger et al. (1992) isolated the phenol degrading strain Pseudomonas 
putida E K l l which could use phenol and its derivatives as the sole source of 
carbon and energy. Surpris ingly, Mutzel et al. (1996) had isolated and 
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charac ter ized a thermophi l ic Bacillus s train, that deg raded phenol and 
cresols as sole carbon and energy source even at 70°C. It is interesting to 
note that our isolate, Pseudomonas fluorescens SMI was also capable of 
degrading comparable amounts (16 mM) of phenols as reported by other 
investigators vis-a-vis utilizing them as sole source of carbon and energy 
(Table 7, Hinteregger et al., 1992; Yap et al., 1999). 
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Table 1: Major toxicants in industrial sewage water and soil of Aligarh 
actually found and/or was taken for the s tudy as Ix 
P o l l u t a n t s concentrat ion at Ix 
Heavy metals found in sewage water of Aligarh 
Pb^- 194.2 ppm 
Cu^^ 735.5 ppm 
10.0* ppm 
301.9 ppm 
124.0 ppm 
Pest ic ides found in Aligarh soil 
2,4D 78.1 ppb 
Mancozeb 312.5 ppb 
BHC 500.0 ppb 
Phenol ics taken to isolate tolerant isolate 
Pheno l 1 mM* 
Creso l 1 mM* 
Catechol 1 mM* 
R e s o r c i n o l 1 mM* 
*The concentrat ions of phcnolics and Cr(VI) were selected arbitrarily rather 
than actually found in the sewage water or soil of Al igarh sampling area 
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Table 2: Screening and isolation of toxicant tolerant Pseudomonas 
fluorescens strains 
Total no. of 
Ix tolerant 
isolates 
pooled down 
Total no of isolates highly 
tolerant to the given group of 
toxicants from among the Ix 
tolerant isolates 
Total no. of isolates tolerant to 
all toxicants viz heavy metals, 
pesticides and phenolics at 4x 
concentration 
100 
heavy metals* 6 
2 Pesticides* 3 
phenolics* 2 
* Mixture of 4x test toxicants belonging to the same group was taken at this level 
of screening (Table 1) 
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Table 3: Growth characteristics of the two best isolates in the presence and 
absence of water toxicants 
Isolate 
Time (hr) 
Growth expressed in terms of O.D550* 
In the absence of 
toxicants 
In the presence of 4x 
toxicants 
SMI 
0 0.147±0.01 0.127±0.02 
24 0.788±0.03 0.438±0.03 
48 1.852±0.30 1.807±0.29 
SM6 
0 0.200±0.02 0.200±0.03 
24 1.256±0.39 0.637±0.01 
48 1.682±0.42 1.447±0.50 
*0.D. values are given as the statistical means of the two independent experiments 
carried out using duplicate tubes. 
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Table 4: M o r p h o l o g i c a l and b i o c h e m i c a l c h a r a c t e r i s t i c s of 
Pseudomonas fluorescens SMI strain 
S.No. Character/Test Response 
1. Gram staining -
2. Shape rods 
3. Motil i ty + 
4. Cytochrome oxidase + + 
5. Catalase + + 
6. Indole production test + 
7. Methyl red test + 
8. Voges-Proskauer test -
9. Citrate utilization test + 
10. Flagella type lophot r ichous 
++, strongly positive; +, moderately positive; -, negat ive 
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Table 5: Growth characteristics of the most tolerant Pseudomonas 
fluorescens strain SMI in the presence and absence of major 
toxicants 
Turbidity of test Pseudomonas fluorescens 
Experimental details SMI culture at various time intervals 
Time (hr) O.D. 550* 
0 0.36 ±0.032 
Pseudomonas medium alone 24 1.42 ±0.35 
(-ve control) 48 1.60 ±0.56 
Pseudomonas broth 0 0.32 ±0.039 
supplemented with 4x test 24 1.43 ±0.45 
heavy metals mixture 48 1.58 ±0 .52 
Pseudomonas broth 0 0.37 ±0.051 
supplemented with 4x test 24 1.40 ±0.61 
pesticides mixture 48 1.68 ±0 .48 
Pseudomonas broth 
supplemented with 4x test 0 0.30 ±0.042 
phenolics mixture 24 1.41 ±0 .38 
48 1.60 ±0 .32 
Pseudomonas broth 0 0.28 ± 0.042 
supplemented with 4x test 24 1.45 ±0 .75 
toxicants (heavy metals + 48 1.62 ±0 .65 
pesticides + phenolics) in 
combination 
Pseudomonas broth prepared in 0 0.19 ±0.048 
filter sterilized industrial sewage 24 1.31 ±0 .67 
water 48 1.54 ±0 .62 
*0.D. values are given as the statistical means of the two independent experiments 
carried out using duplicate tubes. 
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Table 6: Tolerance of the test Pseudomonas fluorescens SMI strain exposed 
to the industrial waste water for a period of 24 hours 
Prolonged exposure of SMI 
strain to toxic pollutants 
under non growth 
supporting environment 
Cell density of test Pseudomonas 
fluorescens culture 
Time (hr) O . D . 550* Time (hr) CFU/mL 
Cells suspended in normal 
saline (negative control) 
0 
24 
0.180 ±0.03 
0.185 ±0.02 
0 
24 
3.58 ±0.58x10^ 
3.67 ±0.68x10^ 
Cells suspended in filter 0 0.195 ±0.04 0 3.90 ±0.43x10^ 
sterilized industrial waste 
water 24 0.201 ±0.01 24 4.0 ±0.39x10^ 
*0.D. values are given as the statistical means of the two independent experiments 
carried out using duplicate tubes. 
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Table 7: Utilization efficiency of the test phenols taken together as the 
carbon source by SMI strain 
Bacterial growth in 
Pseudomonas broth 
Bacterial growth in 4x 
phenolics + salts 
Bacterial growth 
in salts alone 
Time (hr) O.D.550 Time (hr) O.D. 550* Time (hr) O.D .550 
0 0.302±0.06 0 0.293±0.05 0 0.287±0.01 
24 0.707±0.07 24 0.501±0.03 24 0.269±0.02 
48 I.698±0.]5 48 1.001±0.29 48 0.251±0.01 
72 1.396±0.28 72 0.851±0.34 72 0.238±0.03 
*0.D. values are given as the statistical means of the two independent experiments 
carried out using duplicate tubes. 
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Table 8: BHC utilization efficiency of test P. fluorescens SMI strain as a 
carbon source 
Bacterial growth in 
Pseudomonas broth 
Bacterial growth in 40x 
BHC + salts 
Bacterial growth 
in salts alone 
Time (hr) O.D.550 Time (hr) O . D . 550* Time (hr) O.D. 550 
0 0.03±0.002 0 0.03±0.003 0 0.03±0.005 
24 0.69±0.01 24 0.06±0.005 24 0.02±0.002 
48 1.81±0.52 48 0.18±0.048 48 0.02±0.001 
72 1.50±0.61 72 0.18±0.042 72 0.02±0.002 
*0.D. values are given as the statistical means of the two independent experiments 
carried out using duplicate tubes. 
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Table 9: Catechol utilization efficiency of test P. fluorescens SMI strain as a 
carbon source 
Bacterial growth in 
Pseudomonas broth 
Bacterial growth in 4x 
catechol + salts 
Bacterial growth 
in salts alone 
Time (hr) O.D.550 Time (hr) O.D. 550* Time (hr) O.D.550 
0 0.297±0.07 0 0.299±0.05 0 0.276±0.06 
24 0.697±0.08 24 0.588±0.03 24 0.279±0.03 
48 1.588±0.56 48 1.200±0.23 48 0.298±0.01 
72 1.299±0.71 72 1.00±0.29 72 0.237±0.02 
*0.D. values are given as the statistical means of the two independent experiments 
carried out using duplicate tubes. 
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Table 10: Efficiency of cresol utilization of the test P. fluorescens SMI strain 
as a carbon source 
Bacterial growth in 
Pseudomonas broth 
Bacterial growth in 4x 
cresol + salts 
Bacterial growth 
in salts alone 
Time (hr) O.D.550 Time (hr) O . D . 550* Time (hr) O.D. 550 
0 0.288±0.08 0 0.291±0.05 0 0.277±0.02 
24 0.599±0.06 24 0.500±0.01 24 0.279±0.01 
48 1.499±0.31 48 0.901±0.07 48 0.283±0.05 
72 1.201±0.39 72 0.607±0.02 72 0.257±0.06 
*0.D. values are given as the statistical means of the two independent experiments 
carried out using duplicate tubes. 
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CHAPTER-IV 
(BiocHemicaC characterization of 
plhsmicf fiarSouring (pseudomonas 
fCuorescens SMI strain 
INTRODUCTION 
Ecosystems polluted by toxic concentrations of heavy metals are inhabited 
by bacteria which are resistant to some or a whole series of metal ions. Many 
of these bacteria also carry plasmids (Silver and Misra, 1988; Mergeay, 1991). 
Moreover, the resistance to heavy metals may be plasmid mediated (Rani and 
Mahadevan , 1992) or of chromosomal or ig in (Va rgas et al., 1995). In 
Alcaligenes eutrophus CH34, metal resistance is carried by two plasmids 
(Gerstenberg et al., 1982) designated as pMOL28 (163 kb) and pMOL30 (238 
kb) determining resistance to cadmium, zinc, cobalt, mercury and copper (Nies 
and Silver, 1989; Diels and Mergeay, 1990). 
The role of plasmids in Pseudomonas sp. in the biotransformation of ccrtain 
heavy metals, pesticides and phenolics is also well documented (Rani and 
Mahadevan, 1992; Deshpande et al., 2001; Thakur et al., 2001). For instance, 
2,4-D degrading bacteria from different genera have been reported and some of 
them were found to carry plasmids also, coding for 2,4-D metabolic genes 
(Sinton, 1986). The suggestion of plasmid involvement in the degradation of 
2,4-D came for the first time from Pemberton and Fisher (1977). 
The ability of a genetic marker for transfer from one bacterium to another 
through conjugat ion and/or t ransformat ion provides a good presumpt i \c 
evidence for the involvement of plasmid, particularly if the frequency of tran.slcT 
is high. 
There are many genera of bacteria in which t ransformation has been 
successfully demonstrated e.g. Bacillus, Enterobacter, Haemophilus (Smith 
et al., 1981), Staphylococcus (Lacey, 1975) and Streptococcus (Clewell, 1981). 
63 
However, the E. coli can be made susceptible for the uptake of foreign DNA 
under artificial conditions like treatment with transition metals (Ca"" ,^ Rb^^), 
with intermittent heat shock etc. (Lederberg and Cohen, 1974; Kushner, 1978). 
Plasmid curing is defined as the loss of plasmid which can occur either 
spontaneously (Novick, 1969) or under the influence of the physical (Stadler 
and Adelberg, 1972) and chemical agents (Novick, 1969; Stanisich, 1984). The 
common curing agents are acridine dyes (Cansado et al., 1989; Coleman et al., 
2002), ethidium bromide (Jones and Sneath, 1970; Thakur et al., 2001), SDS 
(EL-Mansi et al., 2000), many mutagens (Lacey, 1975; Molnar et al., 1978) and 
some physical agents like heat (Stadler and Adelberg, 1972; Jayaratne et al., 
1987). 
Recent environmental pollution with anthropogenic sources of metals has 
increased the need for research concerning microbial metal resistance as well 
as remediat ion. Large plasmids ranging from 165-250 kb, usually confer 
resistance to a variety of metals including Ag^, AsO A s O ' - , Cd^^Co^^ CrO'-, 
Cu^^ H g - \ Pb-\ Sb^^ TeO^-, Ti" and Zn^" (Silver and Phung, 1996). Metal 
resistance systems are also shown to be encoded by chromosomal genes in 
some organisms like. Bacillus spp. (Hg-resistance) and E. coli (As-efflux) 
(Rajendran et al.. 2003). The plasmid-borne cadA gene encodes a cadmium 
speci f ic ATPase in several bacterial genera, inc lud ing Staphylococcus, 
Pseudomonas, Bacillus and Escherichia (Rajendran et al., 2003). Schmidt and 
Schlegel (1994) reported the role of czc and ncc operons for cadmium resistance 
in Alcaligenes eutrophus CH34 (now renamed as Ralstonia eutropha) and in 
A.xylosoxidans respect ive ly . The genet ic de t e rminan t s for heavy metal 
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resistance in A. eutrophus CH34 are present in two plasmids, pMOL28 and 
pMOL30. Nickel resistance is encoded by pMOL28 (163 kb) and operates by 
an efflux pathway via cation proton-antiporter chemiosmotic system (Mergeay, 
1991). This removes the toxic metal, which is accumulated by the uptake of 
essential divalent cations (e.g. Mg^^Mn-^). Taghavi et al. (2001) demonstrated 
that nickel resistance is inducible and is due to an energy dependent efflux 
system driven by chemiosmotic proton-antiporter system. 
Earlier studies on the Pseudomonas sp. conferring resistance to copper 
revealed the chromosomal rather than plasmidial nature of copper resistance 
markers (Vargas et al., 1995). 
Because of the long-term toxicity of metals in humans and other organisms, 
the study of the resistance mechanism of microorganisms to metals and the 
role they may play in removal from contaminated water is important. 
Microbial populations exposed to toxic concentrations of heavy metals 
have developed four main tolerance mechanisms (Silver, 1992). The first 
mechanism involves the alteration of membrane transport system, thus denying 
or reducing entry of metals. This system has been demonstrated in Bacillus 
subtilis 168 (Laddaga et al., 1985). The second mechanism is intracellular or 
extracellular sequestration by specific binding to a biopolymer, usually the cell 
wall (Mullen et al.. 1989). Intracellular metallothioneins have been reported 
for Pseudomonasputida (lligham el al., 1984) and Synechococcus sp. (Olafson 
et al., 1979). The third mechanism is that of energy dependent ion efflux. 
Plasmid-determined cadmium efflux in P. putida GAM-1 has been categorized 
under this mechanism (Kawai et al., 1990). The fourth mechanism pertains with 
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the detoxification by enzymatic oxidation or reduction of the ion to a less toxic 
form. 
Present chapter deals with the biochemical and molecular biological 
character izat ion of the test isolate, Pseudomonas fluorescens SMI with 
particular reference to the probable role of plasmid mediated resistance to major 
water pollutants. 
MATERIALS AND METHODS 
Isolation of plasmid from Pseudomonas fluorescens SMI strain 
Plasmid DNA isolation was performed by the method of Birnboim and 
Doly (1979) as described by Sambrook et al. (1989). Overnight grown bacterial 
cells were pelleted by centrifugation at 12,000 rpm for 10 min at The 
pellet was resuspended in 200 |iL of solution I (50 mM glucose, 25 mM Tris 
HCl, pH 8.0 and 10 mM EDTA, pH 8.0). To this, 200^L of freshly prepared 
solution II (0.2 N NaOH and 1% SDS-fmal concentration) was added which 
was mixed by inverting the tubes several times and then incubated at room 
temperature for 10 minutes. Thereafter, 300 |iL of solution III (5M potassium 
acetate, glacial acetic acid and water) was added and mixed thoroughly by 
vortexing in inverted position. The eppendorf tubes were kept in ice for 15 min 
before centrifugation at 12,000 rpm for 15 minutes at 4°C. The supernatant was 
transferred to a fresh tube and an equal volume of phenol: chloroform was added 
and mixed by vortexing. After centrifuging at 12,000 rpm for 2 minutes at 4"C 
in a microfuge, the supernatant was transferred to a fresh tube and double 
stranded DNA was precipitated with 2 volumes of ethanol at room temperature 
and mixed by vortexing. The mixture was allowed to stand for 2 minutes at room 
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temperature and after that centrifuged for 5 minutes. The supernatant was 
removed and left to dry. The pellet was rinsed with ImL of 70% ethanol at 4''C 
and redissolved in 50 jiL of TE (pH 8.0). Presence of plasmid DNA was checked 
by electrophoresis on 0.7% agarose gel. 20 |aL of DNA sample along with 
bromophenol blue dye was loaded on the gel submerged in TAE buffer . 
Electrophoresis was performed at 20 mA for 1-2 hrs. The gel was stained with 
ethidium bromide (0.5 ^ig/mL) for 20 minutes and the fluorescent profile was 
photographed by UV illumination through photodyne UV 300 transilluminator. 
Determination of molecular weight of the plasmid pSMl DNA 
The molecular weight of the isolated plasmid pSMl was calculated by 
comparing its relative mobility on agarose gel with those of standard molecular 
weight markers. The standard curve was drawn by plotting relative mobility vs 
log of the molecular weight of the standard markers. The molecular weight of 
the unknown plasmid was determined by plotting the relative mobility on the 
standard curve (Ohman, 1988). 
Plasmid curing 
An attempt was made to cure the Pseudomonas fluorescens isolate of its 
naturally harboured R-plasmids using the ethidium bromide (EtBr). One day 
old culture of Pseudomonas fluorescens SMI strain was allowed to grow over 
night in Pseudomonas broth supplemented with varying concentrat ions of 
ethidium bromide ranging from 0.5 to 80 ^g/mL. After making the suitable 
dilutions, 0.1 mL aliquot was plated on toxicants supplemented and plain plates. 
Extent of curing was determined using the following formula, 
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N = p - q 
where N = number of cured cells, 
p = number of colonies on the plain plate at a specific concentration 
of curing agent, 
q = number of colonies on the toxicants supplemented plate at the 
same concentration of curing agent 
Effect of time on curing 
The cultures of Pseudomonas fluorescens SMI strain were allowed to 
grow in the presence of EtBr for different time intervals ranging from 16-72 
hrs. The concentrations of EtBr resulting in the significant amount of curing 
were obtained experimentally. A negative control, lacking the curing agent was 
also run simultaneously. Samples were withdrawn at different time intervals, 
suitably diluted and spread on plain and toxicants supplemented plates. Percent 
curing was calculated at each time point. 
Transformation 
The transfer of R-plasmid to recipient E. coli D H 5 a cells through 
transformation was carried out following the method of Sambrook et al. (1989). 
The overnight grown Dl lSa cells were reinoculatcd into 100 mL nutrient broth 
and allowed to grow with vigorous shaking (250-300 rpm in a rotatory shaker) 
at 37°C for about 3 hrs to reach the O.D^^ j^ to 0.2 - 0.3. The cells were made 
competent by suspending in ice-chilled 50 mM CaCl, and 10 mM Tris-Cl for 
30 min. The cells were recovered and resuspended in 2 mL of ice cold 50 mM 
CaCl, and 10 mM Tris-Cl. To 200 \iL competent cells, 5 |iL of plasmid DNA 
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was added and left on ice for 30 min. Heal shock was given to these cells at 
42°C for 2 min. These cells were then allowed to grow in nutrient broth for 1 hr 
at 37°C. The cells were spread on the toxicants supplemented plates after 
suitable dilutions. The plates were incubated at 37°C for 16 hrs. 
All the twelve test toxicants at the 0.5x concentration were added for the 
preparat ion of supplemented plates to score the resis tant colonies in the 
transformation and curing experiments. 
Biotransformation of Cr(VI) to Cr(III) 
Pseudomonas fluorescens SMI cells were inoculated in Pseudomonas 
broth supplemented with Cr(VI) ranging from 40-640 ppm. The cells were 
incubated at ?>1°C for 48 hrs. After 48 hrs of growth 0.3 mL of heat killed 
stationary E. coli cell culture was added to each tube. This was done to prevent 
the loss of Pseudomonas cells during the decantation of the media. The cells 
were harvested by centrifugation at 3000 rpm for 10 min while the supernatants 
were decanted and stored in separate vials. Total Cr was estimated in the pellets 
as well as in supernatants af ter acid digest ion using a tomic absorpt ion 
spectrophotometer. Cr(VI) in the culture supernatant was estimated by treating 
1 mL of supernatant with 1 mL of IN and 0.4 mL of the reagenl [4 g of 
phthalic acid and 0.25 g of 1.5-diphcnyl carbazide (DPC) in 100 mL of 95% 
ethanol] (Barlett and James. 1979). The amount of 0 ( 1 1 ! ) formed in iho 
supernatant was calculated by subtracting Cr(VI) from total Cr. The presence of 
Cr(III) was further confirmed by taking the absorption spectra of the different 
culture supernatants. 
In parallel experiments, cured SMI cells and E. coli transformants were 
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also used. This was done to establish the role of plasmid in the reductive 
bioremediation of Cr(VI). 
Experiment on the mechanism of heavy metals resistance/bioremediation 
in Pseudomonas fluorescens strain 
To gain an insight into the mechanism of resistance for the test heavy 
metals. The Pseudomonas fluorescens SMI cells were subjected to heat killing 
and treatment with various types of metabolic inhibitors. For heat treatment, 
t he S M I ce l l s were exposed to a t e m p e r a t u r e of 76 .5"C for 30 min 
(Pasteurization conditions). The untreated control was also run simultaneously. 
In another set of experiment, sodium azide (100 mM), 2,4-dinitrophenol 
(100 mM) and chloramphenicol (100 ^ig/mL) were used. Sodium azide is an 
inhibitor of the electron transport chain and its site of action is at cytochrome 
oxidase. 2,4-DNP is an energy uncoupler and chloramphenicol (CAM) is a 
protein synthesis inhibitor. This experiment was done to find out whether the 
remediation of heavy metals by SMI cells was ATP dependent or not ( Silver 
and Misra, 1984; Reusing et al., 1998). 
In both the experiments, the concentration of individual metals was taken 
to be 160 ppm which was the maximum concentration for Cr(VI) without showing 
any toxic effect on the SMI strain. 
Sensitivity of transforming E. coli DH5a towards the individual heavy metals, 
phenolics and pesticides 
0 / N culture of recipient E. coli DH5a was prepared in the nutrient broth. 
About 2x10^ CPU were seeded on supp lemented pla tes conta in ing 0.5x 
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concentration of individual heavy metals, mixture of phenolics and mixture of 
pesticides. This experiment became necessary after the transformants appeared on 
the supplemented plates containing all the toxicants in combination especially in 
view of the smaller size of the plasmid present in the test Pseudomonas fluorescens 
SMI strain and thus to verify whether or not the tolerance to the test toxicants in 
combination also reflected all the individual markers on the test plasmid. 
RESULTS 
Molecular weight of the plasmid 
Agarose gel electrophoret ic profi les of plasmid DNA isolated f rom 
Pseudomonas fluorescens SMI strain along with the marker DNA is shown in 
Fig. l . The relative mobility of R-plasmid on agarose gel along with those of 
marker DNAs of known molecular weight were plotted in Fig. 2. The molecular 
weight of the test plasmid pSMl based on the relative mobility vs molecular 
weight curve came out to be approximately 43.6 Kb. 
Transformation 
To ascertain whether the multiple resis tance character was plasmid 
mediated, the transformation of E. coli D H 5 a with R-pIasmid isolated from 
this strain was performed. The transformation frequency of the R-plasmid was 
calculated to be 6-7x10'' 'transformants/recipient cell based on the appearence 
of various resistance markers on the transformants under our experimental 
conditions (Table 1). 
Curing of the pSMl plasmid 
To further confirm whether the resistance to heavy metals, pesticides and 
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phenolics was really plasmid mediated, the curing experiment was carried out 
employing the most tolerant isolates of Pseudomonas fluorescens arbitrarily 
designated as SMI strain. Table 2 shows the time course of curing with EtBr in 
Pseudomonas fluorescens SMI strain. A curing to the extent of 9.2% was 
observed after 16 hrs with 1.25 |ig/mL of EtBr. However, the maximum curing 
of 72% was observed with 1.25 |ig/mL EtBr after 72 hrs of incubation (Fig. 3). 
Table 3 shows the extent of curing with varying concentrations of EtBr in 
the test Pseudomonas fluorescens SMI strain. Maximum curing of 78%) was 
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observed at a concentration of 80 |ig/mL EtBr (Fig. 4). 
Biotransformation of Cr(VI) to Cr(III) 
The results of atomic absorption spectrophotometry are given in Table 4. 
It is evident that the test P. fluorescens SMI cells could remove a substantia] 
amount of Cr."^ '^"^ ^ This strain could resist Cr(VI) up to a concentration of 320 
ppm under our experimental conditions and hence is supposed to detoxify a 
large propor t ion of Cr(VI) at this concentra t ion. Howeve r , at 640 ppm 
concentration of Cr(VI), there was a significant decline in the cell density (Table 
4) concomitant with the reduced efficiency of biotransformation/reduction to 
Cr(III) (Table 6). The Pseudomonas fluorescens SMI cells devoid of plasmid 
pSMl were also used to confirm the role of plasmidial genes in the Cr(VI) 
detoxification (Table 4, 5). To further confirm the involvement of plasmid in 
the Cr-biotransformation, E. coli DH5a transformants were exposed to the toxic 
levels of Cr(VI) and the b iot ransformat ion/bio-reduct ion ef f ic iency was 
evaluated (Table 6). These data indicate that the plasmid present in SMI cells 
played a vital role in Cr detoxification. The small percentage of Cr(VI) to Cr(III) 
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conversion exhibited by cured cells might be due to non-speci f ic and/or 
chromosomal biotransformation process. 
Table 5 presents the concentrations of Cr(VI) in the different culture 
supernatants. The level of Cr(VI) was considerably reduced in the normal SMI 
cells and transformed cells. This data suggested for the presence of other species 
of Cr namely Cr(III). The amount of Cr(VI) in case of cured cells remained 
more or less equal to that of initial concent ra t ion . Contrary to this the 
transformants exhibited similar pattern to that of SMI cells. This once again 
establishes the role of the plasmid pSMl in the reduction/bioremediation of 
Cr(VI). 
The efficiency of reduction of Cr(VI) to Cr(III) in different cell systems 
is presented in Table 6. As is evident from this table, the SMI cells and 
transformants showed an increased efficiency of Cr(VI) to Cr(III) conversion 
up to a concentration of 320 ppm. A sharp decline in the efficiency was observed 
at 640 p p m o f C r ( V I ) . 
The presence of Cr(III), presumably produced by Cr(VI) reduction, was 
fu r the r conf i rmed by tak ing the absorp t ion spec t ra of var ious cul ture 
supernatants (Fig. 5). Absorption spectra of pure Cr(VI) and Cr(III) served as 
controls. Pure Cr(VI) exhibited a peak at 346 nm while Cr(III) displayed 2 peaks 
corresponding to 418 nm and 596 nm. Culture supernatants of SMI cells treated 
with 40 ppm of Cr(VI) displayed an absorption spectrum similar to that of Cr([II) 
with peaks at 419 and 588 nm, thereby suggesting the presence of Cr(III) in the 
supernatants. Moreover, the cells treated with 80 ppm of Cr(VI) also displayed 
the spectrum explicitly corresponding to that of Cr(III) species. However, the 
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cells treated with Cr(VI) at 640 ppm exhibited an absorption spectrum similar 
to that of pure Cr(VI), and no peak corresponding to Cr(III) was observed (data 
not shown). This interesting finding strongly suggests for the precipitation of 
Cr(III) in the culture at higher concentrations and thus pelleting down along 
with the cells. 
Table 7, presents a data on the bioremediation of the test heavy metals 
brought about by SMI cells under heat killing conditions. 30 minutes heat 
treatment of Pseudomonas fluorescens SMI strain at 76.5°C resulted in the 
complete retention of Cr(VI) species in the culture supernatant. The relative 
efficiency of metal uptake for Cd, Cu, Ni and Pb by heat killed cells with respect 
to untreated control was 89, 82, 91, and 85 percent respectively while for Cr(VI) 
it was only 18%. Heat killing of SMI cells, infact brought down the effective 
surface area by 20 fold in comparison with the 24 hrs grown unheated population 
(data not shown). The actual metal uptake compared with the untreated cells in 
this case would, therefore, be equal to 20x of the apparent value since the 20 
times diluted 24 hrs grown culture was taken as the inoculum for this experiment. 
The amount of Cr in the pellet would essentially include that Cr(VI) which might 
have been converted into Cr(III) non enzymatically during the 24 hrs incubation 
in the culture and got pellet down along with the cells. There was insignificant 
change compared to untreated control in the uptake of all metals including that 
of C'r(VI) as a result of pretreatment of SMI cells at 76.5°C for 3 min (data not 
shown). 
In the presence of sodium azide, SMI cells could take up only 4 ppm 
chromium leaving behind 155 ppm Cr in the supernatant displaying the efficiency 
of removal to be reduced to 2.5%. Treatment of SMI cells by the 2,4-DNP also 
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brought about a remarkable inhibition to the extent of 93.8% by reducing the 
efficiency of removal to 6.2% . When the SMI cells were cultured in the 
presence of chloramphenicol the cells pellet contained 114 ppm out of 160 
ppm Cr(VI) concentration (Table 8). Addition of NADPH did not result in the 
significant change of the metal bioremediation (data not shown). 
In an attempt to estimate the individual metal resistance in the recipient E. 
coli cells used for transformation experiment, we observed a heavy growth of 
DH5a recipient cells on metal supplemented plates roughly equal to that on non 
supplemented plate in case of Cu and Cd (Table 9). Whereas , Ni and Pb 
supplementation resulted in slightly less growth compared to that in Cu and Cd. 
Interestingly, presence of Cr in the plate completely inhibited the colony forming 
ability of the DH5a prior to its transformation by the plasmid (Table 9) which was 
regained in the E. coli transformants as shown in Table 1. 
DISCUSSION 
Several bacteria capable of degrading a wide range of compounds have 
been isolated (Fulthorpe et al., 1995; Yap et al., 1999; McLean and Beveridge, 
2001). In most of these organisms, the genes for the degradative pathways were 
carried on plasmids (Mondaca el al., 1998). 
Chaudhry and Huang (1988) isolated a degradative plasmid, pRClO, from 
a Flavobacterium sp. capable of metabolizing 2,4-D and other chlorinated 
compounds such as 3-CBA and MCFA. Prakash et al. (1996) demonstrated the 
presence of 50 Kb plasmid presumably responsible for carrying the genes for 
p-nitrophenol degradation in Pseudomonas cepacia. 
To ascertain whether or not the test toxicants resistance in our isolate 
was plasmid mediated, we screened the Pseudomonas fluorescens SMI strain 
75 
for the presence of plasmid and certainly found one such plasmid (Fig.l). Our 
f i n d i n g s are a lmos t s imi la r to Bhat et al. ( 1994) w h o a lso found a 
2,4-D degradative plasmid, pMABl , in Pseudomonas cepacia CSV 90. The role 
of p M A B l in metabol is ing 2,4-D was ensured by means of curing and 
transformation experiments (Bhat et al., 1994). 
In order to prove the role of isolated plasmid in acquiring resistance 
character to the P. fluorescens SMI strain, we carried out the transformation 
experiment employing the plasmid isolated from this strain into E. coli DH5a 
strain. The expression of resistance markes in E. coli transformants suggested 
that the resistance to heavy metals, pesticides and phenolics was plasmid 
mediated (Table 1). The transformation frequency obtained with recipient 
E. coli D H 5 a strain was also comparable to that obtained by Bopp et al. (1983). 
They found that E. coli, P. putida and P. fluorescens strains could be transformed 
with P. putida derived RP^ plasmid DNA at frequencies ranging from 1.8x10"^ 
to 3.5x10'^ transformants per recipient. The final proof in favour of the presence 
of plasmid conferring multiple resistance markers in the test Pseudomonas 
strain SMI was provided through the curing experiment. A significant fraction 
of the test cell population was found to lose the test resistance markers in the 
presence of curing agent, ethidium bromide (Figs 3 & 4). 
Vargas et al. (1995) isolated nine Pseudomonas strains which were tolerant 
to copper. All of them possessed large plasmids, but transformation and curing 
resuhs suggested that the Cu(r) was conferred by chromosomal genes. These 
findings further support for the need of transformation and curing experiments. 
Deshpande et al. (2001) isolated a Pseudomonas aeruginosa strain 
capable of degrading dimethoate (a synthetic organophosphate insecticide). This 
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biodegradation was demonstrated to be carried out~by a small plasmid of 6.6 
Kb, a conclusion based on the transformation and curing experiments. 
The test Pseudomonas fluorescens SMI strain isolated by us was found 
to contain a 44 Kb plasmid (Fig. 2). This plasmid arbitrarily referred to as 
p S M l w a s also apparently responsible for imparting the multiple resistance 
character. A conclusion though difficult to conceive due to its smaller size, but 
was again based on the transformation and curing experiments. Moreover, such 
type of resistance chracters have been shown to be carried by pretty small 
plasmids (Deshpande et al., 2001). 
Multiple antibiotic and heavy metal resistance markers are well established 
in clinical bacterial isolates (Ug and Ceylan, 2003). Recently, Ug and Ceylan 
(2003) have shown the presence of plasmids in the Staphylococcus species 
conferr ing multiple resistance to antibiotic and heavy metals up to 10-15 
markers. Those plasmids varied in size from 2.2 Kb to 20.6 Kb and each was 
carrying several resistance markers. 
Our studies further indicated that the test Pseudomonas fluorescens SMI 
strain was not only resistant to 2,4-D, phenol and catechol but also capable of 
bioremediating and /or degrading these toxicants quite efficiently (please see 
chapter III and V). Interestingly, these two apparently different categories of 
toxicants could share a common pathway of degradation. As reported by Loos 
et al. (1967) and Oh and Tuovinen (1991b), phenols was an intermediate in the 
biodegradation pathway of phenoxyacetates (2,4-D). Thus it seems plausible 
especially in view of the small size of R-plasmid, p S M l that 2,4-D and phenolics 
could have been degraded by a small number of plasmidial genes to initiate the 
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process, the rest would be taken care of by the chromosomal genes. Common 
metabolic pathway supposed to be operative in Pseudomonas fluorescens SMI 
strain, for the degradation of pesticides and phenolics has been presented 
elsewhere (please see General discussion). 
Although multiple metal resistance is wide-spread in nature (Wuertz and 
Mergeay, 1997; Nies, 1999; Saxena et ah, 2001), that does not imply that the 
number of resistance characters would always be equal to that of resistance 
genes . Metal b inding prote ins and metal exc lud ing mechan i sms in the 
microorganism, have been shown to exhibit a wide range of metal binding affinity 
for several metals (Mejare and Bullow, 2001). Such types of mechanism to 
cope-up the deleterious effects of a wide-variety of heavy metals such as 
biosorption mechanism for Cd^^, Cu"^ -, Ni"^ - and Pb"^ ^ can not be ruled out in our 
test system also (Table 9). These types of common resistance markers along 
with those alleviating the effect of certain metals by specific genes seem to be 
more plausible in our Pseudomonas fluorescens SMI isolate. 
Our studies are also suggestive of the fact that the plasmid could not be 
conjugative in nature owing to its much smaller size than is required by any 
known conjugative plasmid. 
Cr(VI) is one of the very toxic species of heavy metals (McLean and 
Bcveridgc. 2001). Our (est isolalc P. fluorescens SMI has shown a high level 
of tolerance for this spccies of chromium alongwith its great potential in Cr(VI) 
detoxification also (Table 4). Therefore, it was of interest to extend the studies 
on the mechanistic aspect of Cr(VI) bioremediation too. There are several reports 
in literature which describe the detoxification of Cr(VI) via oxidation-reduction 
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pathway (Horitsu et al., 1987; Fuji et al., 1990; Ishibashi et al., 1990). To 
ascertain whether the test strain P. fluorescens SMI also has such type of 
reduction of Cr(Vl) to Cr(III) system for its chromium detoxification. Besides 
the above aspects we were also interested in investigating whether the Cr-
biotransformation was the plasmid mediated character or not. Interestingly the 
answers to both questions were in affirmative (Table 4). 
An Arthrobacter sp., isolated from a long-term tannery waste contaminated 
soil, was resistant to Cr(VI) at 100 mg/mL, but could not reduce it to Cr(III) at 
this concentration (Megharaj et al., 2003). Likewise, Cr(VI) reduction occurred 
equally rapidly with both plasmid laden Cr(VI) - resistant and plasmid-cured of 
Cr(VI) sensitive strains of P. fluorescens (Bopp and Ehrlich, 1988). Chromate 
resistance determinants have been described on plasmids in several bacteria, 
especially in Pseiidomonas. But, Cr(VI) reduction determinants were not 
essentially found on plasmids (Bopp and Ehrlich, 1988). For instance, Cr(VI) 
reduction was independent of chromate resistance, conferred by plasmid pLHB 1, 
in P. fluorescens (Bopp and Ehrlich, 1988). However, our isolate P. fluorescens 
SMI seems to carry the dichromate resistance as well as reduction determinant 
on the same plasmid (Table 5, 9, Fig. 1). 
Studies pertaining to the detoxification of Cr by the gram positive chromium 
resistant bacterial strain. ATCC700729, isolated from effluent of tanneries has 
shown the reduction of dichromate to the extent of 87% at the dose of 20 mg/L 
at 72 hrs (Shakoori et al., 2000). Losi et al. (1994) have used two different 
strains, Pseudomonas ambigua G-1 and Pseudomonas aeruginosa 5128 as 
well as some unidentified bacterial cultures to remove Cr(VI) from liquid media. 
P. ambigua G-1 brought down the concentrat ion of Cr(VI) f rom 150 to 
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35 mg/L over a period of 36 hrs while P. aeruginosa 5128 caused the removal 
of 15-50% Cr from the liquid media containing 1000 mg/L Cr(VI). Certain 
unidentified bacterial cultures remediated to the extent of 40-60% of Cr(VI) at 
60 mg/L and 10% at 120 mg/L over an incubation period of 18 hrs (Losi et al., 
1994). In comparison with the earlier findings, Pseudomonas fluorescens SMI 
strain brought down the Cr(VI) concentration from 320 mg/L to 52 mg/L over 
24 hrs in liquid media thus accounting for 83.8% Cr(VI) detoxification at this 
level (Table 5). 
The Cr(VI) to Cr(III) reduction potential of certain Pseudomonas strains 
isolated by Sultan and Hasnain (2003) was probed over various concentrations of 
Cr(VI). Although some degree of reduction occurred upto 1000 mg/L of Cr(VI), 
but the complete reduction was achieved only at 100 - 200 mg/L of Cr(VI) after 
48-72 hrs of incubation. Increased concentration of Cr(VI) required more time for 
complete reduction (Ohtake and Silver, 1994). Compared with this latest study on 
Pseudomonas strains, our SMI strain completely reduced about 160 mg/L Cr(VI) 
within 24 hrs whereas, 320 mg/L concentrations of Cr(VI) was reduced to Cr(III) 
to a remarkable extent of 83.8% within 24 hrs. Even at 640 mg/L concentration, the 
reduction could take place but it was not complete in our system also. 
Pseudomonas fluorescens LB300 isolated by DeLeo and Ehrlich (1994) 
reduced 99.7% Cr(VI) with an initial concentration of 11.2 mg Cr(VI)/L, 69% with 
an initial concentration of 200 mg Cr(VI)/L and 61% with an initial concentration 
of 314 mg Cr(VI)/L during a long period of 289 hrs. Similarly McLean and 
Beveridge (2001) reported complete reduction of as small as 20 mg Cr(VI)/L by 
the Pseudomonas strain CRB5 after 120 hrs. It is therefore, obvious from these 
results that the extent of Cr(VI) reduction achieved with Pseudomonas fluorescens 
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SMI strain is much higher than by other bacterial strains. A high Cr(VI) resistance 
and reduction potential along with resistance against other metals makes it suitable 
candidate for the detoxification of Cr(VI) contaminated industrial discharges. 
In our system it seems that plasmidial genes might code for the Cr(VI) 
reduction machinery and/or the specific transport system for that reduction 
machinery. Pretty small amount of Cr(VI) in the cell pellet after heat killing of 
SMI cells compared with other metals is indicative of the fact that Cr(VI) might 
not be bioremediated by means of biosorption mechanism (Table 7). This is 
quite obvious in view of the anionic nature of the Cr(VI) in our system as 
Cr^O/VCrO^"^ Such a negatively charged species would not interact with bacterial 
envelopes (Volesky and Holan, 1995). However, cationic Cr(III) derivatives bind 
tightly to Salmonella lipopolysaccharides (Synder et al.,1978), Bacillus subtilis 
and E. coli cell walls (Flemming et al., 1990). Pelleting of cells by centrifugation 
would also allow the precipitated metal, especially the Cr(III) species to be 
settled down, regardless of the adsorption on to the cell surface. It is however, 
more plausible to have the Cr(III) metal in cationic form to be biosorbed due to 
the negatively charged cell surface (Synder et al., 1978). 
Now the most plausible scenario of Cr(VI) bioremediation could be as 
follows, in view of our studies on the inhibitors of cytochrome oxidase, de 
novo protein synthesis and ATP uncoupler as well as the presence of Cr(III) 
species confirmed by spectrophotometrically and by the spectral studies: 
(i) The remarkable inhibition by the 2,4-DNP and sodium azide strongly 
suggests for the role of energy requiring process like active transport in 
the Cr(VI) bioremediation. Now the question arises as to whether Cr(VI) 
is actively transported into the cell or the machinery for its reduction is 
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actively transported out of the cell. We believe for the latter to be operative 
in our systems which gains support from the literature also (Shen and Wang, 
1993). Moreover , the involvement of sulfate t ranspor t in p lasmid-
conferred chromate resistance has been ruled out in P. fluorescens (Ohtake 
et al., 1987) though the active influx of Cr(VI) via the SO^^" transport system 
has also been reported in certain bacteria (Hryniewicz et al., 1990). 
(ii) Insignificant change in the bioremediation efficiency in the presence of 
chloramphenicol favours for the constitutional mode of the reduction 
process rather than its inducible nature. 
(iii) The heat treatment of SMI cells showing as significant as 18% chromium 
in the cell pellet could either be due to a sort of passive uptake of Cr(VI) 
under that condition or would be indicative of non-enzymatic reduction of 
Cr(VI) to Cr(III) in the heat inactivated culture since settling of the 
precipitated Cr(III) by centrifugation would occur alongwith the cell. A 
remarkable amount of Cr in cell pellet in the untreated cells also suggests 
for three possibilities: (i) a high level of internalization of Cr(VI) species, 
(ii) biosorption of Cr(VI) and/or Cr(III), and (iii) co-sedimentation of 
Cr^^ ppt along with the cells (Tables 7 and 8). 
Wiegand et al. (1985) reported that chromate is actively transported across 
biological membranes in prokar>'otes. The transport of chromate through the 
sulfate transport system was first demonstrated in Salmonella typhimurium 
(Pardee et al., 1966; Wiegand et al., 1985; Hryniewicz et al., 1990) and later in 
Escherichia coli (Karbonowska et al., 1977; Sirko et al. , 1990). Energy 
dependent Cr(VI) uptake in the Cyanobacterium Anabaena deliolum (Rai et al., 
1992) showed a biphasic behaviour and Cr concentration dependence. Support 
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for the second possibility has come from the recent report by Kamaludeen et 
al. (2003) who have suggested the biosorption of Cr(VI) and its subsequent 
bioreduction to less toxic Cr(III) as well as eventual precipitation of the latter. 
The major mechanism for the bioremediation of Cd, Cu, Ni and Pb seems 
to be non enzymatic and not involving active transport system vis-a-vis not 
requiring any de novo protein biosynthesis which is consistent to the established 
mechanism for biosorption on to the surface of cell. This is well documented 
in literature that biosorption plays an important role in the removal of heavy 
metals (Volesky and Holan, 1995; Galli et al., 2003). Biosorption is a term 
frequently used to describe non-directed physico-chemical interaction between 
metals species and biomass, particularly in a biotechnological context (Shumate 
and Strandberg, 1985). Moreover, it is also well known that both the living and 
dead cells are able to adsorb metals (Pighi et al., 1989; Siegel et al., 1990). 
Although biosorption is a passive phenomenon, which depends totally on physico-
chemical characteristics of cell wall, the architecture of cell wall does depend 
on express ion of genet ic elements (Langley and Beve r idge , 1999) and 
composition of growth media (Wong and So, 1993; Andres et al., 2000). 
The individual metals other than chromium could not bring about any toxicity 
to the recipient transforming E. coli strain thereby suggesting that the Cr(VI) 
resistance marker in our P. fluoresceiis SMI strain was essentially a plasmid 
mediated character. On the other hand, the tolerance to Cu, Cd. Ni and Pb might noi 
be the plasmid mediated character (Tables 1 and 9). These findings and those 
presented in Tables 7 and 8, led us to suggest that the tolerance to these metals 
could be a consequence of biosorption process. 
83 
We can now conclude that our Pseudomonas fluorescens SMI strain 
i sola ted f rom the po l lu ted site of Al igarh city seems to have recent ly 
accumulated resistance against certain heavy metals, pesticides and phenolics 
due to the strategic position of the sampling area, since those resistance markers 
in the SMI strain are plasmid mediated. 
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Table 1: Transformation frequency of£'.co//DH5a strain with R-pIasmid pSMl 
isolated from Pseudomonas strain 
S.No. Total No. of 
cells/plate 
No. of 
transformants/ 
plate 
Transformation 
frequency 
per recipient cell 
Mixture of 
toxicants added 
in the supplemented 
plates 
1. 3.5x10' 2.12x10^ 6.05x10-^ Cd, Ni, Cu, Cr, Pb, 
2,4-D,BHC,mancozeb 
phenol, cresol, catechol, 
resorcinol 
2. 4.3x10' 2.8x10^ 6.51x10-^ Pb, Ni, Cu, Cr,Cd 
3. 3.9x10' 2.7x10^ 6.92x10-^ phenol, cresol, catechol, 
resorcinol 
4. 3.4x10' 2.3x10-' 6.76x10^ 2,4-D,mancozeb,BHC 
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Table 2:Dosage effect of EtBr on plasmid curing in Pseudomonasfluorescens 
SMI strain 
Amount of EtBr 
added ()ig/niL) Time (hr) 
No. of colonies on Percent 
curing Plain plates Supplemented* 
plates 
0.0 16 102±3.8 97±4.2 -
0.5 16 100±3.9 94±435 6.0 
1.25 16 97±3.3 88±3.8 9.2 
0.0 24 109±5.7 106±4.7 -
0.5 24 111±5.2 100±4.8 9.9 
1.25 24 106±6.8 93±5.6 12.2 
0.0 48 207±5.3 202±7.3 -
0.5 48 208±7.2 170±7.6 18.1 
1.25 48 200±7.9 157±5.5 21.5 
0.0 72 330±6.8 227±6.3 -
0.5 72 323±5.7 11 Of 6.1 65.6 
1.25 72 325±5.8 90; 5.8 72.3 
* 0.5x concentration of heavy metals, pesticides and phenolics were used for preparation of 
supplemented plates. 
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Table 3: Effect of different concentrations of ethidium bromide on plasmid curing 
in Pseudomonas fluorescens SMI strain 
Amount of 
EtBradded 
(Hg/mL) 
Number of colonies on Percent 
Curing Plain Plates Supplemented* 
Plates 
0.5 336 ±5.8 330 ±5.2 1.8 
2.5 329 ±4.9 309 ±5.5 6.0 
5 300.2 ±4.3 270 ±3.8 10.0 
10 277 ±6.1 235 ±7 .4 15.1 
20 260 ±6.3 215±5.6 17.0 
30 251 ±7.2 194 ±8.3 21.9 
40 243 ± 6.9 133 ±5.2 45.2 
50 250 ±8.2 1.9 ±7.8 56.0 
60 239 ±8.9 93 ± 7.7 61.0 
70 197 ±6.8 56 ±6.1 71.5 
80 200 ±8.7 44 ±8.1 78.0 
Control 412 ±7.8 402 ± 6.2 -
* 0.5x concentration of heavy metals, pesticides and phenolics were used for preparation of 
supplemented plates. 
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Table 4: Efficiency of Cr-bioremediation in different cell systems in terms of 
total Cr-concentration (ppm) in the culture supernatants as 
determined by AAS 
Initial 
Chromium 
Concentration 
Plasmid liarbouring 
SMI cells 
Transformed E. coli 
cells 
Plasmid less (cured) 
cells of SMI 
Pellet Supn Pellet Supn Pellet Supn 
40 36±0.37 2.7±0.28 35±0.39 2±0.49 8±0.40 32±0.63 
80 68±0.47 12.4±0.36 65±0.35 13±0.47 16±0.38 61±0.52 
160 1I5±0.52 44.9±0.46 112±0.6I 49±0.67 20±0.39 132±0.56 
320 2]8±0.59 100.1±0.61 220±0.50 99±0.52 21±0.71 296±0.81 
640 20±0.43 619.0±0.28 21±0.46 619±0.41 12±0.78 624±0.60 
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Table 5: Extent of Cr(VI) bio-reduction in different cell systems in terms of 
Cr(VT) concentration in the culture supernatants determined by 
diphenyl carbazide method 
Initial 
Cr (VI) Cone, in the 
culture 
(ppm) 
Concentration of Cr(VI) in the culture supernatant after 24 hr of 
growth(ppni) 
Normal SMI Cells Transformed E. coli 
cells 
Cured SMI cells 
40 0.8±0.08 0.7±0.06 29.1±0.2,1 
80 2.1±0.40 3.7±0.36 51.7±0.82 
160 10.2±0.51 12.7±0.48 130.2±0.69 
320 52.0±Q.60 49.9±0.67 294.4±0.70 
640 527.0±0.89 534.0±0.91 623.5±0.89 
89 
Table 6: Efficiency of reduction of Cr (VI) to Cr (III) in different cell systems 
Cr (VI) Cone. 
Percentage of Cr(VI) reduced to C r ( i n ) 
Normal SMI Cells Transformed E. coli 
cells 
Cured SMI cells 
40 70 68.0 6.3 
80 83 71.0 15.2 
160 93 74.0 1.3 
320 48 49.5 0.6 
640 10 13.7 0.2 
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Table 7: Profile of metal uptake as analysed by AAS following exposure of 
SMI cells to 76.5°C 
Test 
heavy 
metals in 
the SMI 
cell 
culture 
Concentration of given 
metal in the untreated 
SMI cells 
Concentration of given 
metal in the heat treated 
SMI cells for 30 min 
Relative 
efficiency 
of metal 
uptake* (%) 
Supn Pellet Supn Pellet 
Cr 16±0.22 134±0.26 159±0.76 1.2±0.030 18 
Cu 12±0.46 147±0.78 140±0.51 6±0.59 82 
Cd 9.0±0.39 153±0.48 130±0.42 6.8±0.39 89 
Pb 19.6±0.52 140±0.61 151±0.20 6±0.52 85 
Ni 16.7±0.04 143±0.28 152±0.80 6.5±0.43 91 
* Percent relative efficiency of metal upta 
following formula: 
ce (P.R.E.M.U.) was evaluated using the 
P.R.E.M.U. = 
Amount of test metal present in the heat killed cell pellet x inoculum 
dilution factor w.r.t. 24 hrs grown culture x 100 
Amount of test metal present in the pellet of untreated control 
cells after 24 hrs growth 
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Table 8: Profile of metal uptake by the test Pseudomonas Jluorescens SMI as 
analysed by AAS in the presence of certain metabolic inhibitors 
Test 
heavy 
metals 
in the 
Concentration of individual metals in the two compartments 
of SMI culture under various conditions (ppm) 
SMI 
cell 
culture* 
No inhibitor + Sodium azide + 2,4 DNP + 
Chloramphenicol 
Supn. Pellet Supn. Pellet Supn. Pellet Supn. Pellet 
Cr 16±0.22 134±0.26 155±0.39 4±0.49 148±0.51 10±0.72 41±0.86 I14±0.56 
Cu 12±0.46 147±0.78 12±0.37 146±0.48 12±0.52 147±0.89 33±0.81 I25±0.78 
Cd 9.0±0.39 I53±0.46 7±0.69 I50±0.78 8±0.79 150±0.81 8±0.89 152±0.90 
Pb 19.6±0.52 141.6±0.61 23±0.50 139±0.39 22±0.49 135±0.51 18±0.60 143±0.78 
Ni 16.7±0.04 143±0.28 10±0.40 ]50±0.50 10±0.57 145±0.45 15±0.40 145±0.39 
* The initial concentration of each metal was equal and that was 160 ppm 
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Table 9: Degree of tolerance of the transforming E.coli D H 5 a strain towards 
the individual and group of test toxicants 
Test toxicant(s) 
Bacterial growth on the 0.5 x toxicant(s) 
supplemented plates 
Pb^-
Cd"-
Phenolics 
Pesticides 
++++ 
+++ 
+++ 
++++ 
++++ 
+++ 
Heavy growtii roughly equal to that on non supplemented control 
plates 
Appreciable growth forming a lawn but less than that on control 
No growth 
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Fig. l . Agarose gel e l ec trophore t i c pattern of the plasmid DNA of 
Pseitdomonas fliiorescens SMI isolate 
Lane a : Supermix DNA Ladder 
Lane b : R-plasmid of Pseudomonas fluorescens SMI strain 
94 
a b 
Fig.2. Molecular size vs relative mobility plot of the test R-plasmid isolated 
from Pseudomonas fluorescens SMI strain 
( • ) Supermix DNA ladder 
(A) R-plasmid pSMl from P. fluorescens isolate 
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Fig. 3. Effect of treatment with ethidium bromide for various time intervals 
on plasmid curing in Pseiidomonas fluorescens SMI isolate 
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Fig. 4. Profile of curing of plasmid in Pseudomonas fluorescens SMI isolate 
as a function of increasing concentration of ethidium bromide 
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Fig. 5. Biotransformat ion of Cr(VI) to Cr(lII) brought about by the 
P. fluorescens SMI strain as observed by absorption spectra 
A Absorption spectrum of 40 ppm solution of Cr(VI) 
B Absorption spectrum of 40 ppm solution of Cr(III) 
C Absorption spectrum of the supernatant obtained after treating 
the SMI cells with Cr(VI) at 40 ppm 
D Absorption spectrum of the supernatant obtained after treating 
the SMI cells with Cr(VI) at 80 ppm 
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CHAPTER-V 
(PreCiminary study on the suitaSiCity of 
immoSiCizecC ^ seudomonas fluorescens SMI 
strain for remediation of major toj(icants in 
Indian water Bodies 
INTRODUCTION 
There is growing interest in the use of immobilized microbial cells for 
the biological treatment of chemical wastes (Linko and Linko, 1983; Heitkamp 
et al., 1990; Ignatov at al., 2002). Immobilized cell systems have the potential 
to degrade toxic chemicals faster than conventional wastewater treatment 
systems since high densities of toxic chemical degrading bacteria are used in 
immobilized cell system. The successful use of immobilized cells relies on the 
availability of active bacteria and suitable environmental factors for maintaining 
high microbial activities (Ignatov et al., 2002). Microbia l immobilization 
methods such as the encapsulation and the entrapment of microorganisms in 
polymer gel beads have received much attention. The advantage of cells 
entrapped in biofilms in tolerating higher concentrations of toxic substances 
was suggested by Xu et al. (1996). Natural polymers such as alginate usually 
used for microbial immobilization, were first chosen due to their attractive 
features: the simplicity of preparation and gelation under mild conditions, their 
absence of toxicity for the microorganism, the biodegradability, the slow release 
of biomass overtime, and their protect ion against xenob io t i c compounds 
(Keweloh et al., 1989; Kurosawa et al., 1989; Cassidy et al., 1996, 1997). 
Interestingly, alginate happens to be the most common polymeric material for 
encapsulation of microorganisms for commercial use (Cassidy et al., 1996). 
Analysis of tracc anunints of environmental con taminan ts and their 
a l t e r a t ion p roduc t s demand high degree of a c c u r a c y , s e n s i t i v i t y and 
sophistication. For chlorinated hydrocarbons gas chromatography, using N i " 
electron-capture detector, is commonly used (Nagata et al., 1993; Nawab et al., 
2003). High performance liquid chromatography has been used to study the 
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presence of commonly used organochlorine, organophosphorus and carbamate 
pesticides- carbaryl, carbendazin, carbofuran, dimethoate, malathion and methyl 
parathion in river water and bottom sediments in laboratory aquaria (Podowski 
et al., 1984; Rehana et al., 1995; Bhushan et al., 1997). Moreover, atomic 
absorption spectrophotometric analysis is a highly sensitive technique for heavy 
metal determination (Ganguli and Tripathi, 2002; Saxena et al., 2002; Megharaj 
et al., 2003). 
The work presented in this chapter deals with the HPLC and GC analyses 
as well as atomic absorption and UV-visible spectrophotometric estimations 
of the pesticides, heavy metals and phenols in the test model water before and 
after passing through the immobilized cells of the isolate, Pseudomonas 
fluorescens SMI. The objective of this work was to gain an insight into the 
suitabili ty of alginate cell immobilization in the bioremediat ion of water 
toxicants compared with the free cell system. 
MATERIALS AND METHODS 
Immobilization of bacterial cells 
The test Pseudomonas fluorescens SMI s t rain was g rown 0 / N in 
Pseudomonas broth. 9 mL of 2% sterile sodium alginate and 1 mL of freshly 
grown bacterial culture was mixed in 20 mL syringe, and was added dropwise to 
sterile CaCl2 solution taken in a beaker. The gel beads formed under aseptic 
conditions were allowed to stabilize for 20 min in calcium chloride solution 
for completing the gelation process (Gardin and Pauss, 2001). 
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Viability of free cells and deentrapped cells at various time intervals in 
the presence of toxicants 
An experiment was done to check the survival of free and immobilized 
cells. For free cells, 1 mL freshly grown culture of SMI cells was added to 9 
mL model water containing 4x concentration of all the test toxicants in 
combination. The test tubes containing the SMI cells were incubated at 37°C 
for different time intervals. In case of immobilized cell system, the alginate 
beads carrying SMI cells were exposed to 9 mL test model water containing 1 
mL Pseudomonas broth to achieve identical condition followed by incubation 
at 37°C for different time intervals. The immobilized cells were then immediately 
deentrapped as described beJow and the survival of cells in the f ree and 
immobilized system was determined. 
Deentrapment of beads 
The beads incubated at 37''C for varying time intervals ranging from 2 to 
48 hrs were first washed with 0.9% NaCl solution and then vigorously shaken 
on a vortex mixer for 8 min in 9 ml of 0.5 M Na2C03 / 0.02 M citric acid (pH 
6.8) solution. This dissolving step was followed to test the viability of cells 
within the beads as recommended by Mater et al. (1995). 
Treatment of test model waters with the free and immobilized SMI cells 
Various model water samples were prepared using the test toxicants at the 
concentrations 4 times to those present in heavily polluted water (please see 
Chapter III). These samples were incubated with free and immobilized SMI cells 
with constant gentle shaking at 30±5.0°C for 24 hrs. After the treatment was 
over, the water samples were subjected to various chemical analysis by means 
of AAS, HPLC, GC etc. 
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Heavy metal analysis 
25 mL of the eluent obtained after passing the test model water through 
the column of immobilized cells was taken in a conical flask for heavy metal 
analysis. These samples were digested by nitric: perchloric acid mixture as 
de sc r ibed in s t andard m e t h o d s ( A P H A , 1 9 9 5 ) . A t o m i c abso rp t i on 
spectrophotometer (AAS) model GBC 932 plus was used for the determination 
of metals. All chemicals used were of analytical grade and solutions were 
prepared in double distilled water. The concentration of individual heavy metal 
was determined in terms of total amount of all species present in the sample. 
Thus the two species of Cr i.e. Cr(VI) and Cr(III) could not be differentiated by 
AAS. Therefore, the Cr(VI) was measured spectrophotometrically at 542 nm 
using the diphenylcarbazide method (Barlett and James, 1979). 
Estimation of phenols in the effluent 
Est imat ion of phenol ics was done as descr ibed by De (1994). The 
concentration was determined in the effluents obtained by exposure to the 
immobilized cells for different time periods. 
Preparation of the pesticides sample for HPLC and GC analysis 
The pesticides were solvent extracted from the eluents obtained after 
passing through immobilized SMI cells to get rid of any undesirable organic as 
well as inorganic substanccs like heavy metals etc. BHC and 2,4-D were isolated 
b}- liquid-liquid extraction method as described by Singh et al. (1987). About 
one liter of the well mixed water samples were extracted 3 times with 50 mL 
n-hexane (HPLC-grade) by continuous shaking. About 150 mL hexane extract 
contained both pesticides. Extracted organic phases were transferred to the round 
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bottom flask and evaporated at 40°C under reduced pressure with the help of 
vaccum pump and reduced the volume of extract to 2 mL. The extract was then 
transferred into a 5 mL volumetric flask and made up the volume up to the mark 
and finally analysed by HPLC and GC. 
Pesticides analysis by HPLC and GC 
All the standard pesticides were obtained through the courtesy of Dr.B.S. 
Parmar (Division of Agrochemicals, Indian Agricultural Research Institute, New 
Delhi). Standard solutions were prepared according to the method of Singh et 
al. (1987) and stored at 0-4''C. The treated and untreated samples were filtered 
through 0.45 |im membrane filter before use. HPLC system used in this study 
was from Waters (Milford, M.A.) Model 600 containing a Waters injector and 
a Waters programmable UV detector Model 4490. The test pesticides and their 
biodegradation products were chromatographed on bondapack C|g column. For 
this analysis the instrument was stabilized and thoroughly washed with methanol 
(HPLC grade). Appropriate volumes of samples were injected into column and 
retention times were measured at 254 nm with the mobi le phase of 40:60 
acetonitrile and water. As soon as the standard runs were over, the test samples 
were injected under the same conditions as for the standard runs. Identification 
of individual pesticide alongwith its quantification was done on the basis of 
positions and areas of dilTcrent peaks obtained with the test samples compared 
with the standard pesticides. 
For gas chromatography, the extracted samples were diluted in hexane and 
2-5 |iL of this was injected in a gas chromatographic instrument equipped with 
Ni'^'' electron capture detector. The temperatures of the column, the injector, 
and detector were kept at 190°C, 250°C, 250°C respectively. Nitrogen gas, at 
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the flow rate of 60 mL/min, was used as carrier. 
The analysis of Mancozeb was carried out as described in the Bureau of 
Indian Standards (BIS, 1993), which was reaffirmed in 1998 also. The sample 
was blended with deaerated ice-water in a predetermined ratio (normally 1:1, 
m/v) under nitrogen and an appropriate aliquot of the homogenized material 
was decomposed with sulphuric acid. The evolved carbon disulphide was absorbed 
in Vile's reagent. The intensity of the resulting coloured complex was measured 
spectrophotometrically at 380 nm and the absorbance compared by means of a 
standard curve. 
RESULTS 
1. Viability of free and deentrapped cells at various time intervals in 
the presence of toxicants 
There was a marked increase in the number of colonies of SMI strain on 
the Pseudomonas agar plates at 10"^  dilution when the free cells were exposed 
to 4x concentrated toxicants in lOx diluted Pseudomonas broth. However, such 
an increasing trend of the colonies was recorded for a period of 48 hrs only 
following which a decline was observed up to the termination of experiment 
(Table 1). 
The immobilized cells upon deentrapment displayed a better enhancement 
in the number of colonies though a slight decline was again recorded after 48 
hrs. 
2. Bioremediation of phenols from the test model water samples by 
means of immobilized SMI cell system 
This experiment was carried out to study the efficiency of remediation of 
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a mixture of phenols by means of the immobilized SMI strain. The data compiled 
in Table 2 show that the concentration of phenols present in the sample before 
treatment with immobilized cells was 167.5 mg/100 mL. Whereas the treated 
sample obtained after passing through the immobilized SMI cells contained 
only 34.3 mg/100 mL phenols. Compared with the above, the same water sample 
following treatment with the free SMI cells exhibited the phenolic contents to 
be 65.9 mg/100 mL. 
3. Assessment of the heavy metal bioremediation via immobilized SMI 
cell system 
The efficiency of bioremediation of heavy metals by means of immobilized 
cells of Pseudomonas fluorescens SMI isolate and by the free cells of the 
same strain was determined using the atomic absorption spectrophotometer 
(Table 3). The extent of bioremediation in terms of individual heavy metal was 
as fol lows: removal of Pb was recorded to the extent of 83% in case of 
immobilized system while 76% in free cells; 87% for immobilized to 79% for 
free cells in case of Ni; 92.3% compared with 82% for Cu; 90.7%) compared 
with 81% for Cd. Surprisingly the bioremediation of hexavalent chromium in 
the heavy metal mixture was minimum, exhibiting only 35%) removal of Cr(VI) 
by the free cell system which could be enhanced upto a level of 44%) by means 
of immobilized SMI cell system (Table 3). 
4. Estimation of pesticides by HPLC, GC and chemical method 
The concentration of 2,4-D taken in the test model water used for passing 
through the column of immobilized cells was 312 ppb which was found to be 
steeply declined to the extent of 126 ppb in the effluent (Table 4). Fig. 1 also 
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shows the HPLC chromatogram of 2,4-D before and after passing through the 
immobilized SMI cell system. 
A water sample containing 2000 ppb BHC was allowed to pass through the 
immobilized SMI column. The BHC used by us was a mixture of its a , P, y and 
6 isomers. In view of the available literature, the test sample containing the 
commercial grade BHC would be having 1300 ppb of a isomer, (3 would be 240 
ppb, y and 5 being 240 and 220 ppb respectively under our experimental 
conditions (Table 4). However, the total amount of a , (3 and y isomers after 
passing through the alginate beads carrying the Pseudomonas fluorescens SMI 
cells was recorded to be 362.2 ppb only thereby exhibiting the bioremediation 
efficiency of BHC to the extent of 81.8%. Percent bioremediations of the a , (3, 
y and 5 isomers of BHC were 85.9%, 31.2%, 93.7% and 100% respectively. 
Fig. 2 also shows the GC chromatogram of the model water containing BHC 
f o l l o w i n g exposure to immobi l i zed SMI cell s y s t e m f r o m which the 
concentrations of a , p and y isomers of HCH (BHC) were estimated to be 182.1, 
165 and 15 ppb respectively. Several unidentified peaks were also observed 
which could be due to the secretion of a number of metabolites presumably 
produced by the SMI cells during the BHC degradation (Fig. 2). 
Table 4 shows the data on the mancozeb remediation brought about by the 
immobilized SMI cells. The input mancozeb concentration in the water sample 
was kepi ai 1248 ppb whereas the water sample coming out of the immobilized 
column showed only 750 ppb of mancozeb. 
DISCUSSION 
Bioremediation processes involving immobilized microbial cells have 
attracted a lot of attention during the last couple of decades owing to their greater 
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potential to degrade the wastes compared with the conventional systems (Linko 
and Linko, 1983; Heitkamp et al., 1990; Ignatov et al., 2002). 
Different immobilization methods are available in literature but we used 
calcium alginate beads for the immobilization of P. fluorescens SMI strain 
because the use of alginate in the cell immobilization is well documented 
(Keweloh et al., 1989; Lo et al., 2003; Pandey et al., 2003). Genetically 
engineered P. fluorescens encapsulated and later released into soil microcosms, 
showed significantly longer survival rates than those of unencapsulated cells 
after 3 months (Elsas et al.. 1992). 
An experiment was carricd out to gain an insight into the viability of the 
SMI cells under free and immobilized conditions (Table 1). Apparently the 
survival patterns under both the conditions were same, viz an increase in the 
CPU upto 48 hrs followed by a decline till the termination of experiment (Table 
1). However, the comparison of the data revealed that the immobilized cells 
could withstand the environmental stress more easily and for more longer times 
than in the free state. This clearly suggests the suitability of immobilized cell 
system in our case. Previous studies demonstrated that immobilized cells were 
able to survive better on soil or plant surfaces once released into the environment 
(Elsas et al., 1992; Paul et al., 1993). More speci f ica l ly the cells of P. 
fluorescens trapped in alginate beads survived better than free cclls when added 
to soil, and colonized on wheat roots al higher levels (Trevors et a!.. 1993). Ii is 
also well established that microbial cells trapped within the interstitial spaccs 
of alginate gel can remain physiologically active (Cheetham et a!., 1979; Audet 
et al., 1989; Zezza et al., 1993; Vilchez and Vaga, 1994). Moreover, some 
workers have even demonstrated the multiplication of microbial cells within 
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the alginate beads (Cheetham et al., 1979; Frioni et al., 1994). 
The removal of phenolic compounds containing catechol, cresol, phenol 
and resorcinol from the water sample by means of immobilized SMI cell system 
is shown in Table 2. The efficiency of bioremediation ultimately attained was 
much higher in case of immobilized cells compared with free cells. Our findings 
are s imilar to those of Bettman and Rehm (1984) . They studied phenol 
degradation of P. putida immobilized in alginate beads and observed a higher 
rate of degradation under immobilized conditions than those in free cells. 
Kissi et al. (2001) isolated a fungal strain Phanerochaete chrysosporium 
from Moroccan olive mill waste water (OMW) and investigated its ability to 
degrade O M W in different culture conditions and compared its ability of 
degradation to that of Pleurotus ostreatus, another fungal strain. The results 
indicated that Phanerochaete chrysosporium isolate was more efficient than 
Pleurotus ostreatus in decolorising and detoxifying olive mill waste water in 
the presence of added nutrients. Phanerochaete chrysosporium was able to 
remove more than 50% of the colour and phenols (2400 mg/L) from olive mill 
waste water within 6 days of incubation, whereas Pleurotus ostreatus required 
more than 12 days to reach similar end point under the same conditions. The 
maximum reduction of phenol content was 62% for Pleurotus ostreatus, whilst 
it was 82% for Phanerochaete chrysosporium after 15 days of treatment. In 
our immobi l ized cell system, the Pseudomonas fluorescens SMI strain 
degraded 79.5% of phenol in the test model water which was containing as high 
as 1675 mg/L phenol. The free cells of SMI strain on the other hand brought 
about 61% degrada t ion of phenol during the incuba t ion of 24 hrs only 
(Table 2). 
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Aggelis et al. (2002) isolated eight white rot fungi which were allowed to 
grow in green olives waste water for I month and the reduction in total phenolic 
contents were compared. The concentrations of phenol ics was remarkably 
reduced by P. ostreatus (52%) and A. biennis (55%), followed by F. stipticus 
(42%) and D. squalens (36%). P. ostreatus and A. biennis exhibited the same 
pattern of reduction of total phenolics, with degradation beginning during the 
first days of incubation and reaching a maximum rate between 7 and 22 days. 
The best strain, P. ostreatus 1KP69 reduced the phenolic content up to 76% 
out of 692 mg/L of phenolics but did not result in lowering the phytotoxicity 
of green olives waste water. 
From Table 3, it is obvious that the immobilized cells were able to remove 
heavy metals [viz. Pb, Ni, Cd, Cr(VI) and Cu] from the model test water more 
efficiently than with free cells. Moreover, quantitative analysis in terms of 
percent bioremediation of Pb, Ni, Cu, Cr and Cd by immobilized and free SMI 
cells indicated more than 75% bioremediation of heavy metals with free as well 
as immobilized cell systems with the exception of Cr(VI). Cr(VI) in the presence 
of other metals was not a better substrate of bioremediating machinery of SMI 
cell. A much higher bioremediation of Cr(VI) was obtained when this metal 
species was taken alone or at lower concentrations (Chapter IV). 
Saxena et al. (2001) have reported a hundred percent efficiency of 
bioremediation by immobilized P. putida S4 cells in case of various heavy 
metals like Al, Zn, Ni, Cd and Cu. However, the concentrations of these heavy 
metals used by them were significantly lower than those in our system. 
Higher metal removal abilities by immobil ized organisms have been 
reported by several workers (Sag et al., 1995; Tsekova and Ilieva, 2001). 
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Aspergillus niger mycelia immobilized in polyurethane foam showed three fold 
increase in Cu removal compared with free cells (Tsekova and Ilieva, 2001). 
Cadmium biosorption by bacterial cells have been reported to be increased upon 
immobilization (Lebeau et al., 2002). 
2,4-D was also found to be remediated quite efficiently by our SMI strain 
(Table 4, Fig. 1). The water sample containing 2,4-D showed a significant decline 
in its concentration after passing through the immobilized SMI cells there by 
establ ishing a bioremediation efficiency of 60%. Ful thorpe et al. (1996), 
however, reported the 2,4-D bioremediation by different microbial populations 
upto a level of 50 ppm while tosl SMI strain exhibited a significant level of 
removal only up to 312 ppb concentration (i.e. 4x) of 2,4-D. 
Commercial formulations of BHC, a widely used insecticide in India and 
many tropical countries of the Third World, contains a mixture of isomers which 
include alpha, beta, gamma and other isomers in the ratio of 65:12:12:11 
respectively (Windholz et al., 1976). Several investigators have claimed that 
all the four HCH isomers i.e. alpha, beta, gamma, and delta HCH are bio-
convertible (MacRae et al., 1967: Jagnow et al., 1977; MacRae et al., 1984). 
According to the results presented in the literature, HCH can be degraded more 
easily under anaerobic than aerobic conditions (Heritage and MacRae, 1977; 
Ohisa and Yamaguchi, 1978; Haider. 1979). 
With regard to the relative biodegradalion rales of the dirfcrenl HCIl 
isomers, it is generally accepted that the bioconversion rates arc independent 
of the redox condition (Haider, 1979; Ohisa et al., 1980). Moreover, the relative 
biodegradation rates usually were as follows: gamma HCH > alpha HCH > delta 
HCH > beta-HCH (Bachmann et al., 1988). Aerobic biomineralization of alpha-
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HCH was demonstrated in a soil slurry from an HCH - contaminated site in the 
Netherlands (Bachmann et al., 1988). Senoo and Wada (1989) isolated and 
identified an aerobic y-HCH decomposing bacterium from soil. The difficulty 
to isolate certain species of microbes that could degrade P-HCH aerobically 
(Imai et al., 1991; Thomas et al., 1996) suggested that several bacteria were 
u n a b l e to d e g r a d e P -HCH due to its un ique c h e m i c a l s t r uc tu r e and 
s t e r e o c h e m i s t r y . Howeve r , S. paucimobilis s t r a in B 9 0 , i so la ted f rom 
rhizosphere soil that had been treated repeatedly with technical BHC, was able 
to mineralize not only a , y and 5-HCH but also P-HCH (Sahu et al., 1990; Johri 
et al., 1998). Presuming the same composition of the isomers of test BHC as 
described by earlier workers, we were able to estimate the bioremediation 
efficiency of each isomer. Hence, the order of the efficiency of bioremediation 
of the various isomers of BHC/HCH by immobilized SMI cells under our 
e x p e r i m e n t a l cond i t i ons would be as: 5 > y > a > P, c o n f e r r i n g the 
biodegradation of P-HCH though with difficulty. Interestingly, the extent of 
bioremediation for the a , y and 5 isomers of HCH were recorded to be more 
than 85% in our immobilized system while the P isomer was remediated to the 
extent of 31.2% only (Table 4). Similar findings were also obtained by Kumari 
et al. (2002). 
It is evident from the data presented in Chapter III, that BHC could also be 
utilized as the sole carbon and energy source by our SMI strain thcreb\-
suggesting a plausible mechanism for bioremediation via degradative pathwa>. 
This utilization of BHC as a source of carbon could also account for the higher 
degradation rate of BHC (Table 4). 
I l l 
Mancozeb belongs to the di thiocarbamates class of pes t ic ides . The 
dithiocarbamates, including thiram, mancozeb, maneb, zineb, ferbam, and 
metamsodium have been quite popular (Fang, 1969). Their toxicity is attributed 
to the production of an isothiocynate radical (-N^C^S), which inactivates the 
SH groups in amino acids of the proteins of living cells. Detoxification studies 
undertaken by Kearney and Kaufman (1965) have shown the involvement of an 
enzyme, that degraded carbamate in the P. striata strain. It seems that the 
bioremediation of mancozeb in our case whatever small it may be by the 
P. fluorescens SMI strain would also be enzyme mediated. Principal reaction 
in the degradation of dithiocarbamates is believed to be the formation of an 
alcohol, carbondisulphide and an amine (Kaufman, 1967). 
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Table 1: Viability of free and entrapped cells in calcium alginate beads at 
different intervals of time 
Time of incubation of 
SMI cells in 4x toxicants 
plus lOx diluted 
Pseudomonas broth 
before plating (hr) 
No. of colonies at 10"'* dilution in case of 
Free cells Immobilized cells 
0 120 ±2 .9 128 ± 3 . 9 
2 157 ±2 .2 167±3.1 
6 187 ±2 .7 211 ± 1.8 
24 322 ± 1.9 369 ± 1.6 
48 365 ± 1.6 401 ± 2 . 2 
72 289 ±2.8 388 ± 2 . 3 
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Table 2: Efficiency of the immobilized and free Pseudomonas Jluorescens 
SMI cells for the removal of phenolics from the contaminated 
model water samples 
Time of incubation 
with immobilized 
SMI cells (hr) 
Immobilized 
SMI cells 
Free 
SMI cells 
Total 
concentration 
of phenols 
(mg/100 mL) 
Efficiency 
of 
remediation 
expressed 
in percent 
Total 
concentration 
of phenols 
(mg/100 mL) 
Efficiency 
of 
remediation 
expressed 
in percent 
0 167.5±4.8 - 168±2.8 -
6 93.8±3.1 44.0±3.6 141.8±3.9 15.6±3.7 
12 75.0±4.7 55.2±4.0 130.0±3.0 22.6±3.3 
24 34.3±3.8 79.5±3.1 65.9±4.2 60.8±4.6 
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Table 3: Comparative analysis of bioremediation of individual heavy metals 
brought about by the free and immobilized cells system of SMI 
strain 
Ionic 
species 
of 
heavy 
metals 
Cone, of 
the melal 
before 
treatment 
(ppm) 
Free SMI cells Immobilized SMI cells 
Cone, after 24 
hr treatment 
(ppm) 
Percent 
bioremediation 
Cone, after 24 
hr treatment 
(ppm) 
Percent 
bioremediation 
Pb(II) 776 ]86±6.8 76 127.3±7.0 83.0 
Ni(II) 1207.6 253±9.0 79 156±9.6 87.0 
Cu(II) 2942 529±9.9 82 225±10.6 92.3 
Cr(VI) 40 26±1.8 35 22.4±].6 44.0 
Cd(II) 496 94.2±4.7 81 45.7±5.5 90.7 
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Table 4: Analysis of 2,4-D, BHC and mancozeb jn the model water sample 
after passing through the immobilized SMI cells 
Pesticides 
Cone, before 
treatment 
(ppb) 
Retention 
time 
Cone, after 
24 hr 
treatment 
(ppb) 
Percent 
bioremediation 
2,4-D 312 2.39 126 59.6 
a HCH 2000 X 65%* 
(i.e. 1300) 
5.19 182.1 85.9 
(3 HCH 2000 X 12% 
(i.e. 240) 
5.42 165.1 31.2 
y H C H 2000 X 12% 
(i.e. 240) 
5.78 15.0 93.7 
5 HCH 2000 X 11% 
(i.e. 220) 
5.53 N.D. 100 
Mancozeb 1248 N.A. 750 39.9 
N.A. = Not applicable 
N.D. = Not detected 
* The commercial grade BHC/HCH was supposed to contain 65% a HCH, 12% each 
of P and y HCH and 11% 5 isomer. 
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CHAPTER VI 
<Detoj(jfication potentiaC of test 
<PseucComonas fCuorescens 
SMI strain 
INTRODUCTION 
Pseudomonas strains have been found to degrade a large number of 
substances (Bhat et al., 1994; Roane and Pepper, 2000). Such a useful character 
of Pseudomonas makes it an ideal c a n d i d a t e f o r b i o r e m e d i a t i o n of 
environmental pollutants. The Pseudomonas fluorescens SMI strain isolated 
by us has shown to tolerate and withstand an aquatic environment having as high 
as 4x concentrations of heavy metals, pesticides and phenolics, Ix being the 
level of these toxicants found in highly polluted sites of Aligarh and elsewhere 
(Nomani et al., 1996; Datta, 1999). However, the degree of tolerance per se 
does not necessarily reflect the detoxification potential of that microorganism 
(Aggelis et al., 2002). Evaluation of the detoxification potential of the test isolate 
thus seemed to be highly desirable. Towards that end, significant advancements 
in the field of water toxicology made it possible to select a few among the 
severa l in vitro and in vivo toxici ty tes t ing sys t ems (S idd iqu i , 2002) . 
Recommendations for the battery of tests contrary to a single bioassay have 
also been made of late (Siddiqui, 2002). 
The use oi Allium cepa as a toxicity test system was introduced by Levan 
(1938). Since then Allium cepa test has been frequently used and validated by 
several workers for testing chemical pollutants posing environmental hazards 
(Fiskesjo, 1985. 1988. 1993: Grant, 1994; Gopalan, 1999; De Lima and Jordaq, 
2001). Root growth inhibition oi' Allium cepa (onion bulbs) is an indicator of 
toxicity. The Allium cepa test has a lot of attractive features including its 
simplicity, sensitivity and reproducibility (Le Curieux et al., 1995; Rank and 
Nielsen, 1997; Gopalan. 1999; Ma, 1999a, 1999b). In view of its frequent use 
and several merits, the Allium cepa test was included for toxicity evaluation in 
our bioremediating system. 
The fluctuation test was originally developed by Luria and Delbruck (1943) 
and was further modified by Ryan (1955). Green and colleagues (1976, 1977) 
have used this modification of Ryan (1955) to develop the Ames fluctuation 
test as a sensitive tool for mutational assays. Ames fluctuation test, makes use 
of the Ames tester strains, and is carried out in liquid medium. In the microtitre 
plate format, it is based on the number of positive wells i.e. those turning yellow 
from blue or green due to the change in pH of the medium brought about by the 
growth of his^ revertants and identified by bromo-cresol purple or bromothymol 
blue dye respectively. 
Ames f luctuat ion test has a lot of advantages over the Ames plate 
incorporation test. Venitt et al. (1984) have recommended the use of this test 
to identify the chronic exposures of certain mutagens. This test was shown to 
be more sensi t ive than the Ames plate incorpora t ion test under certain 
conditions (Levin et al., 1981). Sorenson et al. (1982) have even used this assay 
to study the contamination of air samples. This assay was relatively more 
sensitive than the Ames plate incorporation test for evaluating the genotoxic 
potential of metal ions (Arlauskas et al., 1985). Recently Muller-Pillet et al. 
(2000) have reported its efficacy in determining the genotoxic potential of 
certain water borne chemical contaminants. Moreover, this technique has been 
employed to study the mutagenitic activity of river and ground water samples 
also (Vargas et al., 2001; Siddiqui and Ahmad, 2003). 
The DNA damaging potential of water toxicants has also been evaluated b) 
the plasmid nicking assay (Siddiqui, 2002). The damage caused to the plasmid 
DNA can be observed on the agarose gel when the supercoiled form of the 
plasmid DNA is converted into linear and open circle (nicked) forms. This is 
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an attractive system to be used as a short term in vitro toxicity test. 
The objective of the work presented in this chapter was to assess the 
de toxi f ica t ion potential of the immobilized cell system of Pseudomonas 
fluorescens SMI strain using a battery of tests comprising plant-, bacteria- and 
naked DNA-based systems. These tests cover the evaluation of toxicity in general 
and phytotoxicity, mutagenicity and genotoxicity in particular. Moreover, the 
tests have been suff icient ly validated and r ecommended for the toxicity 
assessment of polluted water systems in our lab and elsewhere (Grover and 
Kaur, 1999; Muller-Pillet et al., 2000; Azuma et al., 2001; Siddiqui, 2002). 
Actually the toxicants loaded model water samples were passed through the 
alginate beads containing the test Pseudomonas fluorescens SMI cells, and 
the toxicity was determined before and after the exposure to the gel entrapped 
cells. 
MATERIALS AND METHODS 
Toxicity testing by Allium cepa test 
To perform the Allium cepa test, small onion bulbs were carefully unsealed, 
and placed on the top of test tubes filled with the test samples. The test was 
performed in dark at room temperature (20-25°C) using clean tap water of pH 
6.6±0.1 as solvent as described by Fiskesjo (1985) and modified by Siddiqui 
(2002) to make it more suitable under Indian conditions. The clean tap water 
with permissible levels of organic and inorganic substances was used as negative 
control. For the water samples preparation, eight concentrations of toxicants 
ranging from 0.025x to 2.Ox were used. 
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Root length of Allium cepa was measured in whole root bundles and mean 
values of measurements, expressed as percent of the control values, were 
considered as the relative growth values (Fiskesjo, 1988). These mean values 
were plotted against the concentrations of the test chemical/sample to get the 
ECJQ values. EC^G is defined as that effective concentration permitting 50% 
growth in relation to that in solvent control. The EC^ Q value is inversely related 
with the toxicity of a pollutants. IC^g in our case was equal to EC^^ i.e. the 
concentration at which 50% inhibition in root length in relation to that in solvent 
control. For the sake of our convenience in some experiments, we took IC,^ 
i.e. the concentration at which 25% inhibition in root length took place. 
Toxicity testing by Ames fluctuation test 
The protocol of Ames fluctuation test followed for the experiment was 
according to Venitt et al. (1984) using ELISAplate format. The reagents, media, 
and the bacterial strains used in this experiment have been listed in chapter II. 
The incubation mixture as described in chapter II, was dispensed off quickly to 
the wells of microtitre plates to give a set of independent 10 |j.L cultures. The 
culture medium contained a small quantity of histidine (1.5 | ig/mL) whose 
presence, during an overnight incubation allows 5-8 generations of auxotrophic 
cell division before the amino acid is exhausted. The next morning, selective 
medium, devoid of histidine. was added. Incubation was then continued for 3-4 
days. A drop in the pl I of the medium caused by the luxuriant growth of revertants 
was detected by a colour change in the indicator dye, bromocresol purple, added 
with the selective medium. 
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Calculat ions 
Statistical analysis and other calculations of the Ames fluctuation test were 
carried out as described by Green et al. (1976), and are given below. 
Statistical Analysis 
S i g n i f i c a n c e : " C h i - s q u a r e d " method was u sed to d e t e r m i n e the 
"significance" for the Ames fluctuation test, 
where n = total number of wells used for sample, 
t = number of positive wells in test sample, 
c = number of positive wells in control, 
and x^ = 7 — ^ ^ — r with one degree of freedom 
The mean number of induced mutants per well (Mi) was obtained by the 
expression: 
n - c 
M , = In 
n - t 
3. Plasmid nicking assay 
For carrying out the plasmid nicking assay. 0.5 |.ig of pBR322 DNA was 
treated for 3 hrs with the test water samples at the doses of 10 fiL and 20 ^L for 
a total reaction mixture of 30 |iL, before and after exposure to immobilized 
cells. After the treatment, 5 |iL of the tracking dye was added and the DNA 
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samples were loaded on 1% agarose gel. The gel was run at 50 mA for 2 hours 
and stained with ethidium bromide (0.5 ng/mL) for 30 min at 4°C. After washing, 
the bands were visualized on UV-transilluminator, (USA) and photographed. 
RESULTS 
Allium cepa test with water samples containing all the toxicants conducted 
before and after treatment with immobilized SMI cells 
Fig. 1 shows that the water samples containing all the test concentrations 
of toxicants exerted strong inhibitory effect on the growth of root cells of 
Allium cepa. This could be gauged from the fact, that the mixture of toxicants 
in the test water samples, before treatment with the immobilized Pseudomonas 
fluorescens SMI cells displayed an IC^^ as 0.06x. The test sample was so toxic 
that even 50% of the growth was obtained at very low concentration of toxicants 
compared with the control. On the other hand, the water sample after treatment 
with the immobilized SMI cells, was detoxified to a remarkable extent. As could 
be seen from Fig. 1, IC^^ of the detoxified sample was recorded to be 0.70x i.e. 
a 12 fold enhancement in the IC^^ value compared to the untreated sample. The 
data pertaining to efficiencies of detoxification of the mixture of toxicants at 
various concentrations in immobilized cell system are presented in Table 1. 
Allium cepa test with water samples containing heavy metals, pesticides 
or phenolics alone before and after treatment with immobilized SMI cells 
T a b l e s 2-4 show the data of Allium cepa roo t i n h i b i t i o n test of 
contaminated water before and after passing through the calcium alginate beads 
carrying the test Pseudomonas fluorescens SMI strain. 
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The efficiencies of metal detoxification by immobilized cell system at 
0.5x, Ix and 2x concentrations of heavy metals mixture were recorded to be 
62.2%, 63.1% and 66.6% respectively. The IC25 of the untreated water samples 
was 0.07x while that of treated sample being 1.3x with a 19 fold increase in the 
IC^j value (Fig. 2). 
The toxicity of water sample containing pesticide mixture as determined 
by Allium cepa test is enumerated in Table 3. The efficiencies of pesticides 
detoxification by the immobilized cell system were estimated to be 63.3%, 
67.6% and 68.5% for the 0.5x, Ix and 2x pesticides mixture respectively (Table 
3). As could be seen from figure 3, the IC,. of untreated sample was calculated 
to be O.OVx and that of treated sample it was 1.7Ix thus exhibiting a 24 fold 
increase in the IC^^ value following exposure to the immobilized SMI cell 
system. 
Table 4 shows the data of model water with varying concentrations of 
phenolics before and after passing through the test cell immobilized system. 
The e f f i c ienc ies of detoxif icat ion of phenol ics af ter t r ea tment with the 
immobilized cells were recorded to be 57.6%, 60.6% and 74.0% respectively 
at 0.5x, Ix and 2x phenolics concentrations. The IC^^ values were 0.07x and 
2.18x before and after exposure to immobilized cells respectively thereby 
exhibiting a 31 fold rise in the IC^^ values (Fig. 4). Since IC^^, and IC^g were 
not found to be suitable for comparing the toxicities in our case, the most 
appropriate value based on the plots were those of IC^j. Therefore, IC^j values 
were taken for comparison of toxicity and detoxification in the case of samples 
containing heavy metals, pesticides and phenolics alone. 
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2. Ames fluctuation test with water samples before and after treatment 
with immobilized SMI cell system 
The mutagenic potential of the water samples containing 2x concentrations 
of heavy metals, pesticides and phenolics taken in combination was evaluated 
using the Ames fluctuation test also (Table 5). The water samples before 
treatment at maximum dose (i.e. 2x), attained x^ and Mi values of 27.1 and 2.3 
for strain TA98, and 21.4 and 1.3 for strain TAIOO respectively. There was a 
significant decrease in the values of y} and Mi upon treatment of the water 
sample with the immobilized SMI cells. The x^and Mi values at the same dose 
after passing through the immobilized cells systems were recorded to be 21.3 
and 1.5 for strain TA98 and 9.3 and 0.5 for strain TAIOO respectively. Fig. 5 
and 6 show the typical dose response curves with the strain TA98 and TAIOO. 
3. Plasmid nicking assay with samples before and after treatment with 
immobilized SMI cell system 
Fig. 7 shows the electrophoretic pattern of plasmid pBR322 DNA treated 
with different water samples containing varying amounts of toxicants. The lane 
' a ' in the figure shows the DNA band pattern for the toxicant free water samples 
whereas the lanes 'b ' and 'c ' show the band pattern with the incubation of 10 |iL 
and 20 |iL equivalents of the untreated samples containing 2x concentration of 
toxicants rcspecti\cly. It is very dear from the bands observed in lanes 'b ' and 
' c ' that as the dose was increased from 10 ^li, to 20 |aL equivalent of 2x toxicants, 
increasing amount of nicks were produced in the naked D N A molecules. 
Moreover, the population of linear species of the plasmid D N A was maximum 
in lane 'c ' whereas in lane 'b ' , the population of OC species (nicked) was more. 
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L a n e s ' d ' and 'e ' of Fig. 7 show the electrophoretic pattern of the plasmid DNA 
treated with 10 fxL and 20 ^iL equivalent of water samples preincubated with the 
test immobilized cell system respectively. After treating the test model water 
containing 2x toxicants with immobilized Pseudomonas fluorescens SMI cells, 
the population of linear species was absent and only the nicked form of plasmid 
DNA was seen (lanes d, e). 
DISCUSSION 
Previous chapter deals with the various aspects of bioremediation potential 
of the test Pseudomonas fluorescens SMI isolate towards certain organic and 
inorganic toxicants (Chapter V). It has now been established that removal of a 
particular pollutant does not in anyway imply the toxicity reduction in the test 
water sample since a chemical might be converted by the bioremediat ing 
organisms into a more toxic product. For instance, the phytotoxicity of green 
olives waste water (GOW) treated with P. ostreatus strain did not decline despite 
significant reduction in the phenolic content. Similarly in case of GOW treated 
with purified laccase from Polyporus pensitius, there was no reduction in the 
phytotoxicity related to the remediation of phenolics (Aggelis et al., 2002). 
Contrary to the above, Martirani et al. (1996) found the toxicity reduction 
concomitant with the bioremediation in case of intact B. cereus cells whereas 
no reduction in toxicity even after the transformation of phenolics b\' the 
phenoloxidase. Recently, Aggelis et al. (2003) have demonstrated that in all 
cases of olive oil mill waste treatment systems employed by them the decrease 
of toxicity , was never proportional to the phenolic-removal. Similar results were 
reported by Tsioulpas et al. (2002) when several strains of P. ostreatus were 
used . Such r epor t s f rom the l i te ra ture neces s i t a t ed to inves t iga t e the 
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detoxification potential of the Pseudomonas fluorescens SMI isolate using a 
complex mixture of the organic and inorganic toxicants as well as the various 
toxicants alone. 
A battery of toxicity bioassays used in the present study included Allium 
cepa test, Ames fluctuation test and plasmid nicking assay among which the 
Allium cepa test and Ames fluctuation test were used for the in vivo toxicity 
and genotoxicity testing respectively whereas the plasmid nicking assay was 
employed as an index of in vitro DNA damage to be induced by the test water 
samples. 
Comparison of the data in Fig. 1-4 and Tables 1-4 revealed that our 
immobi l ized SMI system was quite eff icient in de tox i f i ca t ion of major 
pollutants of Indian waters, reducing the toxicity of water samples from 12 to 
31 fold for different toxicants in combination. The efficiency of detoxification 
for a single group of toxicants was much higher than that for combination of all 
toxicants which is quite natural. Surprisingly, the detoxification of phenols as 
evaluated by Allium cepa test was found to be as high as 31 fold contrary to the 
findings of Aggelis et al. (2002) who could not find any toxicity reduction 
concomitant with bioremediation of phenols. The maximum toxicity reduction 
in case of olive mill waste water containing phenolics was reported to be 20 
fo ld and tha t was b rough t about by the f u n g a l s t r a in Phanerochaete 
chrysosporium after 15 days of incubation (Kissi et al., 2001). 
The Ames fluctuation test is a modification of the standard Ames plate 
incorporation assay with few modifications. It can be carried out in ELISA plate 
format in the liquid media. The test is quite sensitive and specially found to be 
responsive to low doses of toxic substances (Br idges , 1980). The Ames 
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fluctuation assay was carried out to determine the mutagenic potential of the 
model test water before and after treatment with the Pseudomonas fluorescens 
SMI strain. The use of the strains TA98 and TAIOO in detecting the mutagens 
among organic and inorganic pollutants has been established by several workers 
(Loper, 1980; Harington et al., 1983; Meier, 1988; Le Curieux et al., 1995). As 
is evident from the results, a remarkable decrease in the genotoxic potential of 
the sample was obtained after it had passed through the immobilized cells of 
Pseudomonas fluorescens SMI strain (Table 5). Moreover, the comparison of 
the data in Table 5, revealed that the Chi Square values and Mi for 0.25x toxicants 
loaded water before treatment and those for 1.5x after treatment were comparable 
rather quite similar. The strain TA98 showed the Chi Square and Mi of the test 
water samples to be 16.4 and 1.2 respectively for 1.5x concentration of toxicants 
after exposure to the test cells. These values exactly matched with the untreated 
water sample at 0.25x concentration. Thus a 6 fold decrease in toxicity was 
recorded after passing through the immobilized cell system. In other words, the 
detoxification to the tune of 83% in terms of the genotoxicity could be obtained 
via this bioremediation procedure (Table 5). The strain TAIOO also responded 
to the same extent for the model water containing 0.25x toxicants without 
exposure to the detoxification system as was with t reated water at 1.5x 
concentration of toxicants. Apparently it is 6 fold because Mi of the 0.25x 
c o n c e n t r a t i o n for the sample before t r ca imcn l is m a t c h i n g with 1.5x 
concentration but according to the dosc-responsc curves the fold detoxification 
in terms of the genotoxicity was found to be 7 (Fig. 5). For TAIOO the fold 
detoxification as per dose-response relationship curve was only 4. Thus it is 
evident that the detoxification in terms of mutagenicity reduction seems to be 
within the range of 4-7 fold. 
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From the comparison of the data in Table 1, it is obvious that the toxicity 
reduction by the SMI ceil immobihzed system has been found to be 12 fold for 
the most toxic sample i.e. combination of all toxicants according to Allium 
cepa test (Fig. 1), while it was roughly reduced to 6 fold by the Ames fluctuation 
test (Table 5). The low sensitivity of the Ames fluctuation test in comparison to 
the Allium cepa test could possibly be attributed to the high concentration of 
pollutants in our sample which would make it less sensitive and more toxic for 
bacterial system (Bridges. 1980). Ten fold reduction in Mi at lower doses 
ranging from 0.025 to 0.25x in case of TA98 actually supports our contention 
(Table 5). Moreover, the bioassays under discussion evaluate two different 
aspects of toxicity i.e. the over all toxicity in terms of phytotoxicity and 
genotoxicity in terms of mutagenicity of the samples. 
Plasmid nicking assay has been used in our lab as one of the most convenient 
models to study DNA damage (Siddiqui, 2002). Various studies have suggested 
the role of free radicals in the reduction of DNA damage. Studies conducted in 
our lab have also shown the active involvement of certain ROS in the causation 
of DNA damage (Siddiqui, 2002). The conversion of the supercoiled plasmid 
DNA molecules to nicked (open circle) and linear forms following exposure to 
the untreated model water is evident in our plasmid nicking assay (Fig.7), there 
by establishing the high level of DNA damaging potential of the test samples 
before exposure to the test PseudomonasJhioresccns SMI strain (lanes b and 
c). After SMI treatment, the DNA damaging potential of samples has been 
drastically reduced to insignificant level which is c\ idcni from the absence of 
linear form of plasmid DNA (Fig. 7, lanes d and e). Nobody seems to have used 
plasmid nicking assay for detoxification studies. However, in our lab this system 
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has been developed to estimate the genotoxic potential of various water bodies 
in India (Siddiqui, 2002). 
Aggelis et al.(2003) demonstrated the toxicity removal of olive oil mill 
waste water by P. ostreatus. Interestingly, complete removal of phenolics 
concomitant with the 100% reduction in the toxicity could not be achieved in 
the Olive mill waste water (OMW) system employing P. ostreatus only. Diez 
et al. (2002) demonstrated the complete biodegradation concomitant with 
detoxification of Pinus radiata bleached Kraft mill waste water by an activated 
sludge treatment during a period of 280 days. With regard to effluent toxicity, 
the 48 hrs LC50 test using Daphnia showed that the effluent was toxic before 
but not after activated sludge treatment. Schnell et al. (2000) have reported that 
all effluent samples from bleached Kraft mill effluent were rendered non-toxic 
through biotreatment by the Microtox method. Aerobic treatment has also been 
shown to be effective in reducing the aquatic toxicity f rom various types of 
forest industry wastewaters (Junna et al., 1983; Wilson et al., 1987). Lin et al. 
(1994) studied the toxicity of the influent as well as the efficiency of toxicity 
removal during biopurification of several types of industrial wastes (including 
petrochemical) and it has been shown that the activated sludge process removed 
60-75% of the influent toxicity. In our case the IC^^ of the phenolics alone in 
the Allium cepa test system was only 0.07x suggesting for severe toxicity of 
the model water but after treatment the IC.j value could be enhanced to 2.18x 
suggesting that the SMI treated model water became apparently non toxic. 
Aggelis et al. (2002) isolated eight white rot fungi which were subjected 
to grow in green olives waste water for 1 month and the reduction in total 
phenolics were compared. The best strain, P. ostreatus IK P69 greatly reduced 
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the phenolic content (76%) but could not reduce the phytotoxicity of green 
olives waste water containing 692 mg/L phenolics. This is in contrast with the 
olive oil mill waste water treatment, in which incubation with Pleurotus sp. 
significantly decreased its phytotoxic properties (Martirani et al., 1996; Zervakis 
et al., 1996). Martirani et al. (1996) showed that P. ostreatus removed and 
detoxif ied phenols in the absence of nutrients and also observed that the 
detoxifying activity of P. ostreatus was concomitant with a progressively 
increasing phenol oxidase expression, although the purified enzyme alone was 
not able to produce any comparable effect. This finding suggested that the 
transformation of toxic compounds followed a complex pathway in which phenol 
oxidase could play an important, but not explosive role. Similar to above, the 
test SMI strain also removed and detoxified phenols in the absence of nutrients. 
Humic acid is known to increase the detoxification, biodegradation and 
removal of var ious heavy metals. Pandey et al. (2002) found increased 
detoxification of various heavy metals such as Cd, Cu, Cr, Ni, Mn, Fe and Zn 
from aeronautical and flash light units by the incorporation of humic acid in Ca 
alginate. This process also led to the considerable detoxification of the leachates 
as tested by the microtox assay. Similarly the metal removing capacity of 
alginate and humic acid was found to be more effective technique for Cr removal 
and detoxification of tannery effluent (Pandey et al. 2003). Our findings show 
that Pseudomonas fluorescens SMI cells not only bioremediate a mixture of 
heavy metals in model water (Chapter V) but also detoxify this sample when 
cells were immobilized in calcium alginate beads (This work). In case of Pandey 
et al. (2002) the test sample remained highly toxic even after 24 hrs. Contrary 
to the above, the efficiency of metal detoxification by immobilzed SMI cells 
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from 2x to 0.5x concentrations of heavy metals mixture ranged from 66% to 
62% after 24 hrs under our experimental conditions (Table 2) thereby exhibiting 
a 19 fold rise in the IQ^ value after passing through the immobilized SMI cell 
system (Fig. 2). Moreover, our system was more versatile in detoxifying a broad 
range of toxicants as compared to previous studies. 
In view of our findings it seems that the test P. fluorescens SMI strain 
immobilized in calcium alginate beads could be a better system not only for 
bioremediation of pesticides, heavy metals and phenolic compounds but would 
also be equally efficient for their detoxification. In this chapter we have given 
more emphasis to detoxification of phenolics in view of their special mention 
in literature. Moreover, the test isolate was found to detoxify the phenolics 
most eff iciently under our experimental conditions. Furthermore, phenolic 
compounds are the degradation products of certain pesticides thus acquiring a 
common metabolic pathway in the bioremediating system (Chapter IV). 
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Table 5: Mutagenicity testing of model water samples containing heavy metals, 
pesticides and phenolics in combination by Ames fluctuation test before 
and af ter t reatment with immobilized cells of Pseudomonas fluorescens 
S M I strain 
Experimental 
conditions 
Strain Cone, of 
toxicants 
Chi square Significance Mi 
0.025X 3.6 <0.05 0.3 
0.05X 8.8 <0.001 0.6 
O.lx 12.3 <0.001 0.9 
TA98 0.25 X 16.4 <0.001 1.2 
Test model 0.5 X 18.7 <0.001 1.3 
water before 1.0 X 21.3 <0.001 1.6 
exposure to 1.5 X 24.1 <0.001 1.8 
immobilized 2.0 X 27.1 <0.001 2.3 
cells system 0.25 X 6.4 <0.025 0.4 
0.5 X 14.7 <0.001 0.9 
TAIOO 1.0 X 16.8 <0.001 1.0 
1.5 X 19.0 <0.001 1.2 
2.0 X 21.4 <0.001 1.3 
0.25 X 3.6 <0.05 0.3 
0.5 X 6.0 <0.01 0.5 
Test model TA98 1.0 X 
1.5 X 
12.3 
16.4 
<0.001 
<0.001 
0.9 
1.2 
water after 
exposure to 
immobilized 
cells system 
2.0 X 21.3 <0.001 1.5 
TAIOO 
0.25 X 
0.5 X 
1.0 X 
1.5 X 
2.0 X 
1.2 
2.9 
4.0 
6.4 
9.3 
<0.5 
<0.05 
<0.05 
<0.025 
<0.001 
0.1 
0.2 
0.3 
0.4 
0.5 
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Fig. 1. Allium cepa root inhibition curves and IC^g values wi th the mix ture of 
test heavy metals , pesticides and phenolics. 
[ • — • ] IC.g curve before t rea tment with immobil ized S M I cells. 
[ • — • ] ICjp curve af te r t rea tment with immobil ized S M I cells. 
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Fig. 2. Allium cepa root inhibition curves and IC, . values wi th the mixture 
of test heavy metals. 
[ • — • ] IC25 curve before t rea tment with immobilized S M I cells. 
[ • — • ] IC^g curve a f te r t rea tment with immobilized S M I cells. 
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Fig. 4. Allium cepa root inhibit ion curves and IC^. values wi th the mix ture 
of test phenolics . 
— I C 2 5 curve before t rea tment with immobilized S M I cells. 
[ • — • ] IC^. curve a f te r t rea tment with immobilized S M I cells. 
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Fig. 5. Dose response effect of the test model w a t e r before and a f t e r t r ea tmen t 
with immobilized S M I cells by the Ames fluctuation test with TA98. 
[ • — • ] Dose response effect of the test model wa te r conta ining toxicants 
in combinat ion before t r ea tmen t wi th immobil ized S M I cells 
— D o s e response effect of the test model wa te r containing toxicants 
in combination a f te r t rea tment with with immobil ized SMI cells 
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Fig. 6. Dose response effect of the test model water before and a f t e r t rea tment 
with immobil ized SMI cells by the Ames fluctuation test n i t h TAIOO. 
[ • — • ] D o s e r e s p o n s e e f fec t of the tes t mode l w a t e r c o n t a i n i n g 
tox ican t s in combination before t r ea tmen t wi th immobil ized 
S M I cells 
— D o s e r e s p o n s e e f fec t of the tes t mode l w a t e r c o n t a i n i n g 
t o x i c a n t s in c o m b i n a t i o n a f t e r t r e a t m e n t w i t h w i t h 
immobi l ized SMI cells 
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Fig. 7. Agarose gel e lectrophoretic pattern of pBR322 DNA treated 
with water samples containing 2x concentrat ion of tox icants 
before and after passing through the alginate beads carrying 
immobil ized cells of Pseiidomonas fluorescens SMI strain 
Lane a- pBR322 DNA alone (untreated) 
Lane b- pBR322 DNA incubated with (10 }iL) of water sample 
c o n t a i n i n g 2x t o x i c a n t s b e f o r e t r e a t m e n t w i t h 
immobilized cells of SMI strain 
Lane c- pBR322 DNA incubated with (20 jaL) of water sample 
c o n t a i n i n g 2x t o x i c a n t s b e f o r e t r e a t m e n t w i t h 
immobilized cells of SMI strain 
Lane d- pBR322 DNA incubated with (10 (.iL) of water sample 
c o n t a i n i n g 2x t o x i c a n t s a f t e r t r e a t m e n t w i th 
immobilized cells of SMI strain 
Lane e- pBR322 DNA incubated with (20 fiL) of water sample 
c o n t a i n i n g 2x t o x i c a n t s a f t e r t r e a t m e n t w i t h 
immobilized cells of SMI strain 
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CHAPTER-VII 
QeneraC (Discussion 
As a resul t of many industrial and waste d isposa l opera t ions , our 
environment is becoming increasingly contaminated by heavy metals, pesticides 
and phenolics. Harmful effects of such pollutants have been established on plants, 
animals and humans, living in close proximity to industrial plant outfalls and 
hazardous waste sites (Schneider, 1979; Martirani et al., 1996; Kamaludeen et 
al., 2003). A large amount of pesticides used for agricultural purposes are known 
to enter the soil and water ecosystems (Hill and Wright, 1978; SGCI, 1999). 
The effluents from leather tanning industry and solid wastes from other industries 
especially contain various types and large amounts of heavy metals (Errasquin 
and Vazquez, 2003; Megharaj et al., 2003; Pandey et al., 2003). 
Soil is the major habitat for diverse microorganisms of importance to soil 
fertility which serve as a major sink for various organic and inorganic substances 
including pesticides, phenols and heavy metals. For instance soil borne microbes 
Phanerochaete chrysosporium, Aspergillus spp. and Pleurotus ostreatus are 
well documented to detoxify phenolic compounds from olive mill liquid waste 
and industrial waste water (Sayadi and Ellouz, 1992; Sayadi and Ellouz, 1995; 
Martirani et al., 1996; Garcia et al., 2000). 
Removal of toxic metal ions from polluted waters by using microbial 
biomass has been studied extensively (Akhtar and Mohan, 1995; Akhtar et al.. 
1995). Several bacterial strains were found resistant to or capable of detoxifying 
heavy metals. Among those certain strains of E.coli (Shen and Wang, 1994; 
Rouch et al., 1995), Enterococcus hirae (Wunderli-Ye and Selioz, 2001), 
Xanthomonas campestris (Stall et al., 1986), Pseudomonas pickettii (Gilotra 
and Srivastava, 1997), and Pseudomonas putida (Saxena and Srivastava, 1998) 
were resistant to copper. Some species of Pseudomonas and Arthrobacter were 
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able to detoxify cadmium (Scott and Palmer, 1990; Wang et al., 1997; Roane 
and Pepper, 2000; Lee et al., 2001). Chromium bioremediat ion in various 
bacteria, algae and fungi has also been reported (Cervantes et al., 2001; Viti et 
al., 2003). Moreover, the acidophilic heterotroph Acidiphilium symbioticum 
was found remarkably resistant to Cd and Zn (Mahapatra et al., 2002). Besides 
heavy metal tolerant and bioremediating microbes, several pesticides degrading 
bacteria utilizing these toxicants as their sole carbon source, have also been 
reported (Johnson and Talbot, 1983; Nagata et al., 1993, Fulthorpe et al., 1995, 
1996; Nawab et al., 2003). 
The present study deals with the isolat ion and charac te r iza t ion of 
P. fluorescens strain capable of tolerating the major pollutants in Indian waters 
viz. heavy metals, pesticides and phenolics (Agnihotri et al., 1994; CPCB, 1995; 
Datta 1999). According to Duxbury and Bicknell (1983), the majority of the 
highly metal tolerant organisms were Gram-negative. Moreover, Pseudomonas 
was the predominant genus among majority of metal tolerant bacteria (Austin 
et al., 1977; Houba and Remade , 1980). Pseudomonas was also the most 
common genus used for phenol degradation studies (Hinteregger et al., 1992; 
Allsop et al., 1993; Lee et al., 1998). The ability of the test Pseudomonas 
fluorescens SMI strain to reduce the concentrations of heavy metals, pesticides 
and phenolics has been assessed vis-a-vis evaluating its detoxification potential 
in model water containing as high as 4x concentrations of these toxicants usually 
present in the heavily polluted sites of Northern India (Malik and Ahmad, 1995; 
Rehana et al., 1995; Athar, 1999). 
Literature searched till date led us to suggest that the microorganisms so 
far isolated by various investigators have not shown to detoxify all these three 
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classes of pollutants in a single strain. However, some microorganisms are 
known to be capable of degrading only two classes of these toxicants or showed 
multiple metal tolerance. For instance, a Flavobacterium sp. was capable of 
degrading three pesticides, and also imparting resistance to Hg (Chaudhry and 
Huang, 1988). Moreover , Neuman et al. (2004) have recent ly repor ted 
simultaneous degradation of atrazine and phenol by Pseudomonas sp. 
Pseudomonas fluorescens is a non-pathogenic soil bacterium. It exhibits 
nutritional versatility and produces greenish fluorescent pigment. Pseudomonas 
fluorescens is also used for the control of soil borne plant diseases (Ryder and 
Rovira. 1993). Several strains of P. fluorescens were capable of adapting to 
multiple metal stress for Mn, Co, Ni and Cs and also detoxified aluminium 
(Appanna et al., 1995, 1996; Appanna and Hamel, 1996; Hamel and Appanna, 
2003) . Moreove r , some strains of Pseudomonas fluorescens d i sp layed 
resistance to chromium (Bopp et al., 1983; Bopp and Ehrlich, 1988; DeLeo and 
Ehrlich, 1994; Appanna et al., 1996). These strains could also biodegrade citrate 
complexes of Zn, Ni and Fe (Joshi-Tope and Francis, 1995). 
Bioremediation is the most promising and cost effective technology widely 
used nowadays to clean up both soils and waste water containing organic or 
inorganic contaminants. Soils contaminated with both metals and organics are 
considered difficult to remediate because of the mixed nature of the contaminants 
(Roane and Pepper, 2001). The issue of cocontainination is a serious one, since 
approximately 37% of all contaminated sites in the United States alone contain 
both metals and organic contaminants (Riley et al., 1992). 
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p. fluorescens SMI strain was isolated from polluted soil by enrichment 
method (Hinteregger et al., 1992). This strain was found to tolerate pesticides, 
phenolics and heavy metals even in combination. Treatment of the isolated strain 
with industrial waste water as well as with high doses of the combination of 
pesticides, heavy metals and phenolics not only resulted in the detoxification 
of contaminated water and bioremediation of these pollutants but also in the 
biotransformation of certain toxicants with the concomitant growth of the test 
isolate (Chapter III, V and VI). 
Unlike organics, metals cannot be degraded, and thus most biological metal 
remediation approaches rely on the detoxification and immobilization of the 
metal both to reduce the biological toxicity and to retard metal transport. 
Pseudomonas fluorescens SMI strain could w i t h s t a n d 4 t imes higher 
concentration of the Pb, Ni, Cu, Cr and Cd than the normal levels whilst 
Pseudomonas putida S^ strain isolated by Saxena et al. (2001) exhibited 
resistance to fairly smaller concentrations of Zn, Ni, Co, Cu and Al. This isolate 
was found to be more resistant than other bacterial strains reported by earlier 
workers (Babich and Stotzky, 1983; Kawai et al., 1990; Baldrian et al., 1996; 
Errasquin and Vasquez, 2003). Moreover, our strain also seemed to utilize BIIC 
and phenolics as the carbon sources, especially the utilization of phenols was 
more efficient as a source of carbon and energy as compared to BHC (Tables 
7,8, Chapter III). The test Pseudomonas fluorescens SMI strain thus was not 
only tolerant to phenols it could also utilize them as the sole source of carbon 
and energy. Similar results were reported by Hinteregger et al. (1992) and Yap 
et al. (1999). 
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Our Pseudomonasfluorescens SMI strain showed resistance to five heavy 
metals (i.e. Cu, Cd, Pb, Ni, Cr) whereas studies conducted on P. putida S^ by 
Saxena et al. (2001) also reported resistance to five metals (i.e. Zn, Ni, Co, Cu. 
Al). Moreover, Cu and Ni resistance markers are also common in both studies. 
Interestingly enough, P. putida S^ was able to grow in the presence of ImM 
2 mM and 1 mM each of AF^ Co^- and Ni^^ only, the test P. fluorescens 
SMI could grow comfortably in the presence of as high as 2.7 mM Cd^-, W . l 
mM Cu"^ 2.3 mM Pb"^ 5.1 mM Ni^' and 1.0 mM Cr(VI), besides acquiring the 
appreciable degree of phenolics and pesticides resistances also (Table 5 of 
Chapter III, Table 4 of Chapter IV). 
Seve ra l s tud ie s have been conduc ted on d i f f e r e n t i so l a t e s for 
bioremediation of heavy metals. Roane and Pepper (2000) isolated three isolates 
which were identified as Arthrobacter, Bacillus, and P. fluorescens and further 
observed that two of the isolates were exhibiting maximum resistance to cadmium 
up to a level of 275 mg/L while our P. fluorescens SMI strain could tolerate 
cadmium up to a level of 496 mg/L. 
Errasquin and Vazquez (2003) isolated a fungus, Trichoderma atroviride 
from a sample polluted with heavy metals including Cu, Zn and Cd. They observed 
that in case of copper T. atroviride survived upto a concentration of 300 mg/L, 
while for Zn the concentration was higher that is up to 750 mg/L. Among these 
heavy metals cadmium was the most toxic metal and it showed 50% reduction 
in biomass at 125 mg/L. 
Compared with the above findings our isolate seems to be far superior in 
terms of resistance to copper and cadmium, since it could be able to resist 
copper and cadmium up to 2942 mg/L and 496 mg/L respectively. 
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Pseudomonas marginalis and Bacillus megaterium strains exhibiting lead 
resistance were isolated by Roane (1999), but the degrees of lead tolerance in 
those s t ra ins were s igni f icant ly lower as compared to tha t in the test 
P. fliwrescens SMI isolate. 
Six known metal resistance mechanisms in microorganisms reported by 
several workers were exclusion by permeability barrier, intra and extra-cellular 
sequestration, active transport or efflux system, enzymatic detoxification and 
reduction in the sensitivity of cellular targets to metal ions (Silver, 1992; Rouch 
et al., 1995; Bruins et a!., 2000). Among all the six known mechanisms of metal 
resistance in microorganisms, Megharaj et al. (2003) working on Arthrobacter 
and Bacillus species, and Ganguli and Tripathy (2002) working on P. aeruginosa 
reported that their isolates had the ability to reduce Cr(VI) to Cr(III). In our 
case it was found that the test isolate also had the ability to reduce Cr^^ to Cr^^ 
(Tables 5, 6 and Fig. 5 of Chapter IV). Moreover, the resistance level of Cr(VI) 
in our case was much higher than that found by both of these workers. 
Besides heavy metal resistance, our strain also showed resistance to BHC 
and phenolics and their tolerance levels were also comparable to those obtained 
by other workers (Sahu et al., 1990; Yap et al., 1999). 
Among several bacteria having the resistance to toxic concentrations of 
hea\ y metals, many of them carry plasmids (Silver and Misra, 1988; Mergeay, 
1991). The Role of plasmids in PscuJomonas species in the biotransformation 
of certain heavy metals, pesticides and phenolics is also well documented 
(Sayler et al., 1990; Rani and Mahadevan, 1992; Deshpande et al., 2001; Thakur 
et al., 2001). 
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In te res t ing ly , Vargas et al. (1995) isolated n ine tox ican t to lerant 
Pseudomonas strains. All of them possessed large plasmids but the results 
suggested that the transformation character was conferred by chromosomal 
genes. These findings necessitated to carry out the transformation and curing 
experiments (Deshpande et al., 2001). The test P. fluorescens strain was found 
to contain a 44 Kb plasmid. This plasmid was responsible for imparting the 
multiple resistance character and most probably harbouring some genes for the 
degradation of toxic pesticides and phenols (Tables 1,2,3 and 9 of Chapter IV). 
This conclusion was obviously based on the t ransformation and/or curing 
experiments vis-a-vis other experiments conducted in support (Tables 1-6 and 
9 of Chapter IV). 
Omv P. fluorescens SMI strain has an additional advantage of exhibiting a 
high level of tolerance to chromium (VI), a very toxic metal species (Table 4 of 
Chapter IV). It was, therefore , of interest to extend the s tudies on the 
b i o t r a n s f o r m a t i o n of Cr (VI) to Cr(II I ) . Severa l w o r k e r s repor ted the 
detoxification of Cr(VI) via oxidation-reduction pathway (Horitsu et al., 1987; 
Fuji et al., 1990; Ishibashi et al., 1990). The test SMI strain also seems to have 
such type of reduction pathway available for its chromium detoxification (Tables 
5, 6 and Fig. 5 of Chapter IV). 
Similarity in the patterns of reduction of Cr(Vl) in the transformed E coU 
and P. fluorescens SMI cells also suggested for the plasmidial nature ol' ihe 
chromium reduct ion machinery which was fur ther conf i rmed b}' various 
experiments (Tables 5,6 and 9 of Chapter IV). Such a biotransformation of Cr(VI) 
to Cr(III) is consistent with the earlier reports (McLean and Beveridge, 2001; 
Ganguli and Tripathi, 2002; Megharaj et al., 2003; Sultan and Hasnain, 2003). 
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A remarkably high efficiency of bioremediation in the viable as well as 
heat killed SMI cells as evident from the presence of test metals in pellet 
strongly suggests for a functional biosorption mechanism involved in our system 
for Cd, Cu, Ni and Pb but such biosorption was not observed in case of Cr(Vf) 
because the efficiency of chromium uptake was only 18% (Table 7 of Chapter 
IV). A significant rather strong inhibition in the efficiency of removal of Cr(VI) 
in the presence of sodium azide and 2,4-DNP, the well known metabolic 
inhibitors also led us to suggest at least one mechanism other than biosorption 
that presumably made use of ATP hydrolysis and/or active transport system 
involved in the detoxification of Cr^^ (Table 8 of Chapter IV). However, we did 
not find any evidence in favour of efflux pump for the exclusion of Cr(VI) 
operating in the SMI cells as proposed by some investigators in bacterial system 
(Silver et al., 1989; Nies and Silver, 1995) since the efficient removal of this 
metal species (actually Cr,0^'') from the supernatant (Table 5 of Chapter IV) 
goes against such process. Therefore, other possibililities in support of energy 
requiring transport process under our experimental conditions could have been 
the active transport of the reduction machinery out of the cell and sulfate 
m e d i a t e d Cr^^ i n f l u x for inside t r anspor t . S imi l a r l y , t he p r e s e n c e of 
metallothionein like proteins for the bioremediation of internalized chromium 
cannot be ruled out because such proteins have been isola ted f rom the 
Pseudomonas putida, Cyanobacterium and Synechococcus spp. as well as from 
E. coli (Gupta et al., 1993). Further details on the mechanistic aspects of Cr''^ 
bioremediation are given in the Discussion section of Chapter IV. 
The experiment conducted in the presence of chloramphenicol, an inhibitor 
of protein biosynthesis further revealed the constitutive rather than inducible 
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nature of the metal bioremediation mechanisms which further affirms the role 
of structural component of the cell to be involved in the metal bioremediation 
or detoxification. 
The major mechanism operating for the bioremediation cum detoxification 
of Cd, Cu, Ni and Pb in our isolate seems to be the biosorption presumably 
involving the non-specific binding of cationic species of metals only (Synder 
et al., 1978; Flemming et al., 1990). It is further suggested that such biosorption 
process could not be a plasmid mediated character (Table 9 of Chapter IV). 
However, the oxidation reduction pathway for the Cr(VI) bioremediation cum 
detoxification has been found to be plasmid mediated (Tables 4, 5 and 6 of 
Chapter IV). Bruins et al. (2000) have given the summary of various mechanisms 
of metal resistance in microorganisms. In view of the known mechanisms of 
tolerance, metal exclusion by permeability barrier and active transport of metal 
away from the cell/organism was not possible in our system. It seems that 
in t racel lular sequestrat ion of the metal by protein b ind ing , extracellular 
sequestration, enzymatic detoxification of the metal to a less toxic form and 
reduction in metal sensitivity of cellular targets may be some of the plausible 
mechanisms in our system (Fig. 1 of Summary) 
I m m o b i l i z e d mic rob ia l cel ls have been c o m m o n l y used for the 
bioremediation processes (Linko and Linko, 1983; Hietkamp et al., 1990; Ignatov 
ct al., 2002). The immobilization of the intact microbial cells contrary to that 
ol" enzymes derived from them is more beneficial due to its higher operational 
stability, ease of use, high cell density required for immobilization and ability 
to scale up the process (Hunik and Tramper, 1993; Bickerstaff, 1997; Srinath et 
al., 2003). It is also noteworthy that sometimes enzyme immobilization contrary 
154 
to the immobilization of intact parents cells, did not reduce the toxicity of the 
system (Martirani et al., 1996). Because of this and other reasons we included 
the de tox i f i ca t ion s tudies a long with the b io remed ia t ion s ta tus of the 
immobilized system. 
Several immobilization methods are available in literature (Mattiason, 
1983; Chibata et al., 1986). Keeping in view of the relevance of immobilized 
microorganisms, P. fluorescens SMI cells were immobilized in calcium alginate 
beads (Chapter V) because the use of alginate in the cell immobilization is well 
documented (Keweloh et al., 1989; Lo et al.. 2003; Pandey et al., 2003). From 
the comparison of the data on growth and viability of P. fluorescens SMI strain, 
it is obvious that the immobilized cells could withstand the environmental stress 
more easily and efficiently than in the free state (Table 1 of Chapter V). It was 
further observed that immobilized cells were able to produce more number of 
colonies than the free cells under identical conditions (Table 1 of Chapter V). 
These results are consistent with those of several workers (Bandyopadhyaya et 
al., 1993; Zezza et al., 1993; Vilchez and Vaga, 1994) who demonstrated that 
microbial cells entrapped in alginate gel can remain physiologically active. It 
was further established that microbial cells could be able to grow within the 
alginate beads (Frioni et al., 1994). The eff iciency of bioremediat ion of 
phenol ics , heavy metals and pesticidcs was much h igher in case of the 
immobilized P. fluorescens SMI cells compared with free cells ( Tables 2,3.4 
of Chapter V). These findings are also in conformity with se\cral investigations 
carried out earlier (Bettman and Rehm, 1984; Saxena et al., 2001; Tsekova and 
Ilieva, 2001). 
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In the last three chapters, our focus was on the detailed studies related to 
bioremediation potential of the test P. fliwrescens SMI isolate towards the 
organic and inorganic toxicants, i.e. heavy metals, pesticides and phenolics. To 
gain an insight into the mechanisms of tolerance of the test P. fluorescens SMI 
strain towards the organic and inorganic toxicants, the biodegradation and 
biotransformation studies were carried out vis-a-vis detoxification of the model 
wate r unde r the f r ee and immobil ized condi t ions . B i o r e m e d i a t i o n and 
biotransformation processes sometimes do not result in the detoxification of 
the sample. For instance, Aggelis et al. (2002) observed that the phytotoxicity 
of green olive waste water treated with Pleurotiis ostrealus strain did not reduce 
while large reduction of phenolic content took place. Several workers reported 
similar findings (Tsioulpas et al., 2002; Aggelis et al., 2003). 
Toxicity tests are necessary in water pollution assessment because chemical 
and physical tests of the pollutants alone are not sufficient to evaluate potential 
effects of toxicants on aquatic biota (USEPA, 1987, 1991). For instance, the 
effects of chemical interaction and the influence of complex matrices on 
toxicity can not be determined from chemical tests alone. Different species of 
aquatic organisms are not equally susceptible to the same toxic substances nor 
are organisms equally susceptible throughout the life cycle (APHA, 1985, 1995). 
The present state of pollution and its multidimensional hazardous elTccis 
have led to the developments of a number of biological assays for assessing the 
toxicity of pollutants in the living system (APHA, 1985, 1995). Moreover, it is 
also emphasized that a single genotoxicity/toxicity testing system does not 
reflect the actual behaviour of the test sample. A battery of test is thus necessary 
for the toxicity evaluation and risk assessment procedures and has been used as 
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an established procedure for the complex toxicants systems (Malik and Ahmad, 
1995; Rehana et al., 1995, 1996; Dutka, 1996; Siddiqui, 2002). 
A survey of the research work undertaken in the field of toxicity assessment 
shows that plant systems have gained more popularity as part of test batteries 
for monitoring effects of various chemicals in the environment and also as 
bioindicators of aquatic environment (Constantin and Owens, 1982; Fiskesjo, 
1993; Gopalan, 1999; Ma, 1999a,1999b; DeLima and Jordaq, 2001; Aggelis et 
al., 2003). Allium cepa toxicity/ genotoxicity test is widely carried out for the 
toxicity determination of various pollutants/mutagens/clastogens etc. (Grover 
and Kaur, 1999; DeLima and Jordaq, 2001). It is one of the tests that has also 
been recommended by the USEPA's Gene Tox Prog. (Ma, 1999b). The advantages 
of this test include its simplicity, reliability and sensitivity as well as a strong 
inter laboratory relationship. 
As far as the toxicity evaluation of the model water was concerned, we 
employed both the in vitro and in vivo tests. These tests included Allium cepa 
test, Ames fluctuation test and plasmid nicking assay. 
A remarkably high reduction in toxicity to the tune of 12-31 fold was 
obtained by Allium cepa after the treatment of sample with immobilized cells 
of P. fluorescens SMI . The efficiency of detoxification for single group of 
toxicants was greater than that for the combination of all toxicants. The efficiency 
of detoxification of phenols by Allium cepa test was maximum in our case i.e. 
31 fold. This finding is contrary to the findings of Aggelis et al. (2002) who 
could not find any toxicity reduction concomitant with removal of phenols. 
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Ames fluctuation test was also carried out to determine the detoxification 
potential of the test model water before and after treatment with P. fluorescens 
SMI strain. We employed S. typhimurium TA98 and TAIOO strains because 
their validity in detecting the mutagens among inorganic and organic pollutants 
has been established by several workers (Loper, 1980; Harington et al., 1983; 
Meier, 1988; Le Curieux et al., 1995). The toxicity/genotoxicity was reduced 
4-7 fold by Ames fluctuation test after the sample was passed through the 
immobilized cells of the test isolate. These findings simply suggested that Ames 
fluctuation test was not a better index of toxicity/genotoxicity evaluation under 
our experimental doses of toxicants presumably because of very high toxicity 
thus rendering it less sensitive in this case (Green et al., 1977; Bridges, 1980; 
Venitt et al., 1984; Le Curieux et al., 1995). 
The conversion of the supercoiled plasmid DNA molecules to nicked (open 
circle) and linear form is evident in our plasmid nicking assay (Fig.7 of Chapter 
VI), thereby establishing the DNA damaging character of the model test water 
samples before exposure to the test Pseudomonas SMI strain. Following 
treatment of model water with the test P. fluorescens SMI strain, the DNA 
damaging potential of samples reduced to insignificant level which is evident 
from the absence of linear form of plasmid DNA. Nobody seems to have used 
plasmid nicking assay for detoxification studies. However, in our lab this system 
has been developed to estimate the genotoxic potential of various water bodies 
(Siddiqui. 2002). The reactive oxygen species (ROS) have been implicated in 
the causa t ion of DNA damage in the industr ial was te wate r espec ia l ly 
impregnated with heavy metals in our previous studies (Malik and Ahmad, 1995; 
Siddiqui, 2002). It therefore, seems quite logical to propose that the test 
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p. fluorescens SMI strain is capable of efficiently reducing the genotoxicity 
of pollutants supposedly generating the ROS. 
Schematic representation of the integrated pathways for the bioremediation 
of test pesticides and phenolics are summarized in Fig. 1. 
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Fig.1: A common pathway for the bioremediation of pesticides and phenolics proposed 
to be followed by Pseudomonas fluorescens SM1 strain 
(1) Pathway proposed by Miyauchi et al. (2002) for the degradation of 
hexachlorocyclohexane 
(2) Pathway proposed by De Lipthay et al. (1999) for the degradation of catechol by 
meta cleavage pathway 
(3) Pathway proposed by De Lipthay et al. (1999) for the degradation of phenoxyacetic acid, 
phenol and benzoic acid to catechol by ortho cleavage pathway and further degradation 
to substrates of the tricarboxylic acid cycle 
(4) Pathway proposed by O'Reilly and Crawford (1989) for the degradation of cresol 
(5) Pathway proposed by Vyas and Somani (1996) for the degradation of protochatechuate 
to succinic acid 
(6) Pathway proposed by us involving the dechlorination of 2,4-dichlorophenoxyacetic acid 
*F = First step, " L = Last step 
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Summary 
Industrial effluents and agricultural run off carry the toxic heavy metals, 
phenolics and pesticides as the major water pollutants in India (Handa, 1992; 
Agnihotri et al., 1994; CPCB, 1995; Nomani et al., 1996; Datta, 1999). The 
heavy metal contamination in water, if not treated properly, may pose hazardous 
effects to animal and human lives as they accumulate through ingestion of food 
and drinking water. Phenols and pesticides also exert their toxic effects by 
causing ecological imbalance and thus affecting the health of living system and 
its environment. 
Various chemical and biological methods have been used for remediation 
of these hazardous pollutants. Chemical methods so far used include flotation 
and settling, vaporization of selected members, neutralization, solidification, 
stabilization, electro-kinetics and in situ extraction etc. On the other hand, 
bioremediation usually includes detoxification of the pollutants of soil and water 
by using microorganisms. Furthermore, b ioremediat ion is prefer red over 
chemical treatment methods as detoxification is obtained economically by easily 
available microbes from soil and water. 
A number of microbial species have been reported to degrade phenolics, 
some of the bacteria include Bacillus species (Gurujeyalakshimi and Oriel, 
1989). Pseudomonas species (Hinteregger et al., 1992; Allsop et al., 1993) 
and Alcaligencs species (Hughes el al., 1984). Similarly, heavy metals and 
pesticides detoxifying microorganisms have also been isolated. Among them 
Burkholderia cepacia, Escherichia coli, Pseudomonas fluorescens, 
Pseudomonas paucimobilis have been extensively studied (Al-Aoukaty et al., 
1991; Nagata et al., 1993; Shen and Wang, 1993; Cho et al., 2002). 
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In the present study, P. fluorescens SMI strain was isolated from the 
industrial estate of Aligarh (U.P.) India, and its bioremediation and detoxification 
properties were investigated. The site was strategically important bacause Aligarh 
city is famous for lock manufacturing and plating industries. These industries 
spill out tremendous amounts of heavy metals and other toxicants in the form 
of industrial effluents (Malik and Ahmad, 1995). Such type of pollutants exert 
p r o f o u n d e f f ec t upon the ecologica l status of the sys t em ( M o o r e and 
Ramamoorthy, 1984). 
The ob jec t ive of the study was to focus on the i n t roduc t ion of a 
microorganism in the arena of the bioremediation that could be both metal 
resistant and capable of degrading the organic toxicants. The selection of test 
toxicants and their concentrations for the isolation of tolerant strain was a little 
bit arbitrary but not without a rational thinking. For instance, all the test heavy 
metals except Cr(VI) were found in the soil and industrial waste water of Aligarh 
city at the Ix conc. The test pesticides at the Ix concentration were also detected 
in some water bodies of India as well as in the soil samples of Aligarh. Cr(VT) 
and phenols in the given concentrations were selected in view of several 
considerations e.g. their presence at such a high concentration and relatively 
high toxicity as well as need of a versatile microbe etc. 
The significant findings of the studies conducted by us along with their 
possible explanations are summarized as under: 
Isolation and basic characterization of Pseudomonasfluorescens SMI strain 
1. Among the 100 clones apparently tolerant to Ix concentrat ions of all 
toxicants, 11 isolates were found to be resistant to 4x concentration of 
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either group of toxicants viz. heavy metals (Cd + Cr + Cu + Ni + Pb), 
phenols (catechol + cresol + phenol + resorcinol) or pesticides (BHC + 
2,4-D + mancozeb). 
2. Out of these eleven clones two isolates were remarkably tolerant to the 
test toxicants up to the level of 4x concentrations taken in combination. 
These isolates were designated as SMI and SM6. 
3. The SMI isolate was found to be more tolerant compared to SM6 as it 
exhibited 100% survival in the presence of 4x concentra t ions of all 
toxicants compared to that in the absence of toxicants. The survival of 
SM6 on the contrary was reduced by 20% under the same experimental 
conditions. 
4. Detailed biochemical and morphological identification of SMI isolate 
confirmed it to be a typical Pseudomonas fluorescens strain as described 
in the Bergey's Manual of Determinative Bacteriology (1994) displaying 
all the essential features as well as lophotrichous flagella. 
5. P. fluorescens SMI strain was further subjected to treatment with industrial 
sewage water as well as with the combination of heavy metals, pesticides 
and phenolics up to a concentration 4 times to their normal levels. The 
growth pattern was identical with the control which further suggested that 
P. fluorescens SMI isolate could be able to grow in the presence of 
appreciable concentrations of the pollutants. P. fluorescens SMI strain 
could also withstand high doses of test pollutants taken in combination as 
well as Ix dose of highly polluted industrial waste water upto a period of 
24 hrs under the growth non-supporting conditions. 
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6. P. fluorescens SMI strain could also utilize BHC and phenolics as the 
source of carbon and energy. Interestingly, these toxicants can serve as 
nutrients for SMI. However, lower growth of SMI was observed in the 
presence of BHC compared with phenols suggesting that it could utilize 
the phenols more efficiently as compared to BHC. 
7. In case of phenolic compounds, we tested the bacterial growth with 
catechol and cresol only, and found that our strain utilized catechol pretty 
fast. Contrary to that the growth of SMI was slow in case of cresol where 
it exhibited approximately 50% rate of utilization of cresol which was 
expressed in terms of the rate of growth in 4x cresol compared to that in 
Pseudomonas broth. 
C h a r a c t e r i z a t i o n of the Pseudomonas fluorescens S M I strain with 
particular reference to a R-pIasmid harbouring bacterium 
1. The resistance of the P. fluorescens SMI isolate towards heavy metals, 
phenolics and pesticides led us to isolate the plasmid if any, from this 
strain. The agarose gel electrophoretic analysis, indeed, confirmed the 
presence of plasmid in the test SMI strain. This plasmid was arbitrarily 
symbolized as pSMl . The molecular weight of the plasmid, pSMl was 
estimated to be 43.6 Kb (approx). 
2. The mult iple resistance in the test P. fluorescens strain was further 
assessed and confirmed to be plasmid mediated by introducing the pSMl 
plasmid into E.coli D H 5 a cells. 
3. P. fluorescens SMI isolate harbouring the test pSMl plasmid exhibited 
the s imul taneous loss of the res is tance marke r s for heavy metals , 
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pesticides and phenolics on treatment with ethidium bromide, thereby 
strongly suggesting for the curing of this plasmid. 
4. The aforementioned transformation and curing experiments conducted 
under variuos conditions further suggested that the test resistance markers 
were of plasmidial origin. 
5. Surprisingly, P. fluorescens SMI strain has also shown a high level of 
tolerance for Cr(VI). This species of chromium was selected for more 
detailed analysis as it is known to be 100 times more toxic than Cr(III). 
6. The bioremcdiation experiment set up for the hexavalent chromium present 
in the culture medium upto the levels as high as 320 ppm revealed a drastic 
decrease from the culture supernatant when plasmid harbouring SMI strain 
was used. However, such a remarkable decrease was neither found with 
plasmid-less SMI strain nor with the DH5a strain used for transformation 
experiment. 
7. A similar pattern of reductive biotransformation of chromium (VI) was 
recorded in the transformed E.coli cells as was obtained with p S M l 
plasmid harbouring P. fluorescens cells. However, the P. fluorescens SMI 
cells cured of pSMl plasmid exhibited a very negligible Cr(VI) to Cr(III) 
reduction. Thus, it is clear that Cr(VI) biorcmediation cum reduction 
process brought about by SMI strain was plasmid mediated. 
8. The test SMI isolate seems to utilize the mcchanism of hiosorption for 
the metals other than Cr viz. Cd. Cu. Ni and Pb being in cationic form. 
This was not experimentally proved to be plasmid mediated in our system. 
However, the dichromate (Cr^") owing to be anionic in solution necessarily 
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r equ i red a p lasmidia l marker for its de tox i f i ca t ion as our several 
experiments strongly support towards this fact. 
In view of the various findings elaborated and discussed elsewhere, we are 
proposing a model for the plausible metal bioremediation mechanisms 
operating in the test P. fluorescens SMI strain (Fig. 1) 
C o m p a r a t i v e s tudy of free and immobi l i zed cel ls of Pseudomonas 
fluorescens SMI strain 
1. Comparative study of the free and immobilized P. fluorescens SMI strain 
was done with pesticides, heavy metals and phenolics. A similar pattern of 
increasing the number of colonies of entrapped and free cells was observed 
upto 48 hours after that a decline was recorded upto 72 hours. However, a 
grea ter number of colonies of the immobi l ized cel ls was obtained 
compared to free cells in the presence of toxicants. 
2. Efficacy of the immobilised SMI cells for the removal of the phenolics 
from the model water containing 4x phenols was 79%, whereas for the 
free cells the efficiency was 61%. 
3. A remarkable increase in the extent of bioremediation by the immobilized 
SMI cells was obtained compared to free cells with various metals like 
Pb(83%), Ni(87%), Cu(92.3%). Cr(44.0%) and Cd (90.7%). 
4. The immobilized cells exhibited appreciable level of biodcgradaiion of 
various pesticides to the tune of 59.6% with 2,4-D, more than 81°/o with 
BHC and 40% with mancozeb during a pretty short period of 24 hrs. 
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Detoxification potential of Pseudomonas fluorescens SMI strain 
The detoxification potential of the immobilized P. fluorescens SMI strain 
was examined by employing in vitro and in vivo toxicity testing systems 
which mcXnded Allium cepa test, Ames fluctuation test and plasmid nicking 
assay. 
Allium cepa test 
1. The model water sample containing a combination of 4x toxicants after 
treatment with Pseudomonas cells was detoxified upto 12 fold which 
turned out to be more than 90% detoxification. 
2. 19 fold detoxification of the water sample containing mixture of the heavy 
metals was observed by the immobilized P. fluorescens SMI cells. 
3. The efficiency of pesticide detoxification by the immobilized cell system 
was estimated to be 24 fold. 
4. The maximum detoxification to the extent of 31 fold was recorded for the 
model water containing the mixture of test phenols. The respective IC^^ 
values were 0.07x and 2.18x before and after exposure to immobilized 
cells. 
Ames fluctuation test 
Salmonella typhimurium TA98 and TAIOO both were found to be equally 
sensitive strains in detecting the genotoxic impact of model test water 
under our experimental conditions. The genotoxicity of the sample was 
reduced by 4-7 fold after treatment with the immobilized P. fluorescens 
SMI strain. 
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Plasmid nicking assay 
1. The plasmid nicking assay further established the DNA damaging effect 
of the test water samples. 
2. With untreated water sample, the covalently closed circular form of 
pBR322 DNA was converted into both the open circular and the linear 
forms but after the exposure of the sample to immobilized SMI cells there 
was a complete absence of linear form indicating thereby a remarkable 
degree of reduction in the genotoxicants from water sample brought about 
by the SMI strain treatment. 
In view of the significant findings of the present research work, the salient 
features of our isolate in nut shell are as follows: 
1. The test SMI strain is multiply tolerant to a variety of toxicants i.e. Cd"^ -, 
Cr"^ Cu^-, Ni^^ HCH/BHC, 2,4-D, mancozeb, catechol, cresol, 
phenol and resorcinol. 
2. It is capable of removing the major toxicants of Indian water bodies 
containing 320 ppm to 2940 ppm of individual heavy metals, 312 ppb to 
2000 ppb of commonly present individual pesticides and 400 ppm of 
individual phenols. 
3. This strain is not only resistant to the highly toxic species of chromium, 
it is a l so capab le of b io remed ia t ing and d e t o x i f y i n g the Cr (VI ) 
contaminated water systems upto the levels of 320 ppm. 
4. The test phenols and BHC were not only biotransformed or detoxified to 
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less toxic substances, they could also be completely eliminated from the 
water utilizing by the SMI strain as a sole source of carbon and energy. 
5. Most of the toxicologically significant markers of the test isolate are 
present on the relatively small and the single plasmid it harbours which 
makes the strain as well as plasmid unique for fur ther studies and 
applications. 
6. It is also noteworthy that calcium alginate based immobilized SMI cell 
system is a simple, cheap and efficient bioremediation cum detoxification 
system especially suitable for Indian polluted water to pass through the 
column of cell entrapped alginate beads. 
7. The most attractive feature of the Pseudomonas fluorescens SMI strain 
is its resistance to those substances which are the better representative of 
the major groups of pollutants of Indian waters vis-a-vis a natural bacterium 
thriving under the unfavourable Indian environmental conditions. 
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Fig . l . Proposed model for the plausible bioremediation mechanisms 
operating in the test toxicant tolerant Pseudomonas fluorescens S M I 
strain 
1) Biosorption of test metals other than Cr(VI) 
2) Plasmid mediated Cr(VI) biotransformation mechanisms 
(a) Cr(VI) reduction catalyzed by reductase 
(b) Metallothionein like proteins? 
(c) Extracellular sequestration? 
3) Extracellular and/or intracellular detoxification of metals via chromosomal 
markers including biosorption and macromolecular sequestrations. 
4) (a) Internalization of organics by chromosomal/plasmidial genes? 
(b) Intracellular detoxification of organics via plasmid as well as 
chromosomal genes. 
5) Active transport systems involving Cr(VI) detoxification 
(a) Active influx of chromate by the sulphate transport pump? 
(b) Active efflux of Cr(VI) reductase? 
(by plasmidial or chromosomal markers) 
Note: Structural components of the cell depicted in the figure are not to the scale. 
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